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A direct organogenesis protocol was established for Solanum nigrum using leaf explants from 
seedling plants. The post acclimatisation yield of the seedling-derived leaf explants was 25 
plants/explant. It included decontaminating the leaves with 1 % (v/v) sodium hypochlorite and 
Tween 20® (10 min), shoot multiplication on medium containing 3 mg l-1 benzylaminopurine 
(BAP) for 4 weeks, elongation on medium containing 0.1 mg l-1 BAP for a week, rooting on 
hormone-free Murashige and Skoog medium for 3 weeks and acclimatisation in pots (1 soil : 
2 vermiculite [1S : 2V]) in a growth room for 2 weeks. 
A population of fifty 6-week old seedlings were screened using Inductively Coupled Plasma-
Optical Emission Spectrometry. They varied in leaf calcium (Ca) (331.05-916.30 mg 100 g-1 
dry mass [DM]) and iron (Fe) (0.64-14.95 mg 100 g-1 DM) contents. Based on these results, 
genotypes for high Ca (G5 and G20), high Fe (G6 and G15), low Ca (G43 and G45) and low 
Fe (G35 and G50) were selected for further investigation. These were micropropagated using 
the established protocol to determine whether their clones maintained similar levels of Ca 
and/or Fe to those of their parents when grown in soil. Micropropagation influenced the Ca and 
Fe levels of the clones of the selected genotypes, i.e. the 6-week old clones of six (i.e. G5, G20 
and G45 for Ca; and G6, G15 and G50 for Fe) out of the eight selected genotypes had either 
significantly higher (G45 and G50) or lower (G5, G6, G15 and G20) levels of Ca and/or Fe 
than their 6-week old parents when grown in soil. There were also genotypic differences 
regarding the in vitro and ex vitro growth responses (i.e. percentage of explants with shoots, 
number of shoots/explant and post acclimatisation yield) and leaf Ca and Fe levels of the clones 
of the selected genotypes. The Ca and Fe contents of the clones of most of the selected 
genotypes were not affected by substrate type, suggesting that both soil and 1S : 2V were 
adequate to grow the S. nigrum genotypes for the benefit of high Ca and Fe. 
Four of the selected genotypes (viz. G15, G20, G35 and G43) were then chosen to investigate 
the effect of physiological age on their leaf Ca and Fe contents when grown in soil and 1S : 
2V. Advancing age only affected the Fe levels of the G35 clones in soil and G15 clones in both 
the tested substrates. The significant differences in the Ca (G20>G43) and Fe (G15>G35) 
contents of the 6-week old parents were compared with those of their clones at 4, 6 and 8 weeks 
ex vitro in soil. A similarity (i.e. G20>G43) in the ‘ranking’, was only found at 4 weeks ex vitro 
for Ca.  
Initial attempts to establish a minimal growth protocol for storing germplasm of the eight 
selected genotypes showed that in vitro shoots could be kept on medium containing ¼ MS + 5 
 iii 
 
g l-1 sucrose for 8 weeks. After this period, the in vitro shoots of the eight selected genotypes 
that were placed onto shoot multiplication medium produced 7-13 shoots/explant.  
It can be concluded that micropropagation and genotype influenced both the Ca and Fe levels 
of the selected genotypes, while physiological age only influenced their Fe content. As the 
present study was a smaller component of a larger research program, further investigations 
need to be carried out on the selected S. nigrum genotypes prior to distribution to community 
gardens. Future work should include evaluating the effects of various environmental conditions 
(i.e. growth in a greenhouse, shadehouse, glasshouse and/or in the field), different light 
intensities, watering regimes, fertiliser treatments and soil pH on the growth, and leaf Ca and 
Fe levels of the clones. Regarding minimal growth storage, future work should include 
investigating whether the germplasm of the eight selected genotypes can be stored under the 
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chilled seeds for each treatment. 
34 
Figure 4 New shoot forming (as indicated by the arrow) from a seed-derived 
nodal explant, on shoot multiplication medium containing 3 mg l-1 
BAP, prior to the onset of contamination or necrosis. 
37 
Figure 5 Bacterial contamination exhibited by nodal explants of Solanum 
nigrum (as indicated by the arrows) from seedling (A) and field (B) 
plants.  
38 
Figure 6 Illustration of in vitro culture and stages of plantlet regeneration via 
direct organogenesis using leaf explants of Solanum nigrum from 
seedling plants. (A) Decontaminated explant exhibiting curling on 
shoot multiplication medium containing 3 mg l-1 BAP after 3 days. (B) 
Shoots produced on shoot multiplication medium after 4 weeks. (C) 
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Rooting on (D) hormone-free MS medium, (E) 1 mg l-1 IAA and (F) 
0.5 mg l-1 IBA after 3 weeks. (G) Acclimatised plants from the 
different rooting media (1. hormone-free MS medium, 2. 1 mg l-1 IAA 
and 3. 0.5 mg l-1 IBA). 
41 
Figure 7 Illustration of in vitro culture and stages of plantlet regeneration via 
direct organogenesis using leaf explants of Solanum nigrum from field 
plants. (A) Decontaminated explant exhibiting curling on shoot 
multiplication medium containing 3 mg l-1 BAP after 3 days. (B) 
Shoots produced on multiplication medium after 7 weeks. (C) Clumps 
of shoots on elongation medium containing 0.1 mg l-1 BAP. Rooting 
on (D) hormone-free MS medium, (E) 1 mg l-1 IAA and (F) 0.5 mg l-
1 IBA after 3 weeks. Acclimatised plants from (G) hormone-free MS 
medium, (H) 1 mg l-1 IAA and (I) 0.5 mg l-1 IBA. 
42 
Figure 8 Leaf calcium content (mg 100 g-1 DM) of different 6-week old 
Solanum nigrum genotypes (G). Data were analysed using a one-way 
ANOVA and a post hoc Tukey test (mean ± SE, p ≤ 0.05, n=50). Mean 
values with different letters denote a statistical significance amongst 
the genotypes. Shaded bars represent the calcium content of the 
genotypes selected for further study. 
47 
Figure 9 Leaf iron content (mg 100 g-1 DM of different 6-week old Solanum 
nigrum genotypes (G). Data were analysed using a one-way ANOVA 
and a post hoc Tukey test (mean ± SE, p ≤ 0.05, n=50). Mean values 
with different letters denote a statistical significance amongst the 
genotypes. Shaded bars represent the iron content of the genotypes 
selected for further study. 
48 
Figure 10 Comparison of Ca (A) and Fe (B) contents (mg 100 g-1 DM) amongst 
the clones of the selected genotypes (G) of Solanum nigrum, grown in 
soil and 1 soil : 2 vermiculite (1S : 2V), and the parent genotype. Leaf 
Ca and Fe contents of the parent genotypes were determined 6 weeks 
after germination and those of their clones were determined 6 weeks 
ex vitro (which included 2 weeks acclimatisation). Data were analysed 
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0.05, n=3). Different uppercase letters indicate a statistical 
significance within a genotype. Different lowercase letters indicate a 
statistical significance across all the parent genotypes and across all 
the clones of the selected genotypes grown in each substrate type. 
60 
Figure 11 In vitro shoots of Solanum nigrum on ⅓ MS + 10 g l-1 sucrose (A) and 
¼ MS + 5 g l-1 sucrose (B) displaying hyperhydricity after 8 weeks of 
storage in a growth room at 16 h light (200 µmol m-2 s-1 )/ 8 h dark 
photoperiod, at 25 and 23 °C, respectively.  
80 
Figure 12 The effect of shoot multiplication medium containing 3 mg l-1 BAP on 
the number of shoots/explant of the selected genotypes of Solanum 
nigrum in vitro shoots after 8 weeks of minimal growth storage in 
either ⅓ MS + 10 g l-1 sucrose or ¼ MS + 10 g l-1 sucrose. Data were 
analysed using a one-way ANOVA and a post-hoc Tukey test (mean 
± SE, p ≤ 0.05, n=8). Lowercase letters denote a statistical significance 
across genotypes recovered from ⅓ MS + 10 g l-1 sucrose and 
uppercase letters denote a statistical significance across genotypes 
recovered from ¼ MS + 5 g l-1 sucrose; * indicates a statistical 
significance between the two media types for each genotype. 
81 
Figure 13 Direct organogenesis of Solanum nigrum shoots, derived from 
minimal growth media containing ¼ MS + 5 g l-1 sucrose after 8 
weeks. (A) In vitro shoots after 4 weeks on shoot multiplication 
medium containing 3 mg l-1 BAP. (B) In vitro shoots after 1 week on 
elongation medium containing 0.1 mg l-1 BAP. (C) Rooted in vitro 
shoots after 3 weeks on hormone-free MS medium. (D)  A plant after 
4 weeks acclimatisation. 
82 
Figure 14 In vitro Solanum nigrum shoots, derived from minimal growth media 
containing ⅓ MS + 10 g l-1 sucrose after 4 weeks on shoot 
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1. Introduction and Rationale  
Malnutrition is generally defined as the lack of proper nutrition (Labadarios, 2005) and is a 
consequence of chronic food shortages, poor food quality and inadequate food intake (Blossner 
and de Onis, 2005; Misselhorn, 2005; Govender et al., 2017). In many developing countries, 
food consumption is mainly cereal-based and nutrient-poor, which is insufficient to meet the 
needs of large, mainly poor, populations (Aphane et al., 2003; Labadarios et al., 2008; Faber 
et al., 2010; Berti et al., 2014; Njume et al., 2014; Ochieng et al., 2016; Ngoroyemoto et al., 
2017). Malnutrition is prevalent in southern Africa (Food and Agriculture Organisation, 2010), 
with South Africa experiencing chronic malnutrition predominantly in rural areas (Faber and 
Wenhold, 2007; Faber et al., 2010; du Toit et al., 2011; Govender et al., 2017). At the South 
African national level, it has been found that many households struggle with food deficit 
(Labadarios, 2005; Crowther, 2008; du Toit et al., 2011; Govender et al., 2017). The 
consequences of this are negative effects on body function and increased predisposition to 
diseases, morbidity and mortality (Bhan et al., 2001; Labadarios, 2005).  
 
Calcium (Ca) and iron (Fe) deficiencies form part of the many nutrient-based deficiencies 
which affect one third of the world’s population and are also prevalent in South Africa (Steyn 
et al., 2001; Zimmerman and Hurrell, 2002; Labadarios et al., 2008). The 1999 National Food 
Consumption Survey (NFCS) report indicated an inadequate intake of Ca and Fe in infants, 
children and pregnant women in South Africa (Gibson, 2005; Faber and Wenhold, 2007; Steyn 
et al., 2016). It has also been found that the average consumption of Ca and Fe in South Africa 
is less than 67 % of the recommended daily allowance (RDA) (Labadarios et al., 2000; 
Labadarios et al., 2008; Acham et al., 2012; Steyn et al., 2016). According to the World Health 
Organisation (2003), the average South African requires 400 g of fruit and vegetables per day 
(Gotor and Irungu, 2010) to meet their nutritional needs. To achieve this, many strategies such 
as micronutrient supplementation and food bio-fortification have been employed, with the 
more recent one being that of dietary diversification where African leafy vegetables (ALVs) 
can make a significant impact (Faber et al., 2010; Uusiku et al., 2010; Ochieng et al., 2016; 
Ronoh et al., 2017).  
 
These ALVs are a collection of crops from which young leaves, stems and fruit are consumed 
as vegetables (Jansen van Rensburg et al., 2007; Ochieng et al., 2016). They are good sources 
of Ca, Fe and an array of other essential nutrients (Oniang’o et al., 2004; Uusiku et al., 2010; 
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Ebert, 2014; Achikan-Dako et al., 2014; Njume et al., 2014; Bvenura and Afolayan, 2015; 
Ochieng et al., 2016; Govender et al., 2017; Ngoroyemoto et al., 2017). Their cultivation 
requires minimal input as they are commonly found growing on disturbed soils such as those 
from waste lands, roadsides, around houses and buildings (Edmonds and Chweya, 1997; 
Shukla et al., 2006; Jansen van Rensburg et al., 2007; Ashrafudoulla et al., 2016). They also 
grow as weeds on cultivated fields and plantations (Edmonds and Chweya, 1997). Thus, they 
are easily available, highly versatile and able to withstand harsh environmental conditions 
(Edmonds and Chweya, 1997; Jansen van Rensburg et al., 2007). In South Africa, ALVs are 
grown and gathered in the wild or sometimes cultivated and harvested as a source of food for 
certain households (Aphane et al., 2003; Uusiku et al., 2010; Ebert, 2014; Seeiso and 
Materechera, 2014; Bvenura and Afolayan, 2015; Ngoroyemoto et al., 2017). Their 
consumption depends on the localisation, preference, availability and accessibility of different 
species, the household status and on the degree of urbanisation (Vorster et al., 2002; Aphane 
et al., 2003; Ochieng et al., 2016). In South Africa, researchers such as Jansen van Rensburg 
et al. (2007) and Ngoroyemoto et al. (2017) found that a wide range of these ALVs (such as 
Amaranthus sp., Brassica rapa subsp. Chinensis L., Cleome gyandra L., Corchorus olirorius 
L., Corchorus tridens L., Cucumis melo L., Cucurbita pepo L., Momordica balsamina L., 
Solanum nigrum L., Solanum retroflexum Dunal. and Vigna inguicalata (L.) Walp.) are 
consumed by communities. However, their consumption has decreased over the years due to 
the modernisation of South African communities and the perception as being poor people’s 
food by the younger generation (Faber et al., 2010; Dweba and Mearns, 2011). Nonetheless, 
the consumption of ALVs are important for fulfilling the nutritional requirements of many 
communities (Shukla et al., 2006; Vorster et al., 2007). In the present study, Solanum nigrum 
was of particular interest as it is one of many ALVs that are consumed by communities in SA 
(Steyn et al., 2001; Jansen van Rensburg et al., 2007; Bvenura and Afolayan, 2014a, b; 
Ngoroyemoto et al., 2017). 
 
A major gap in ALV research is that specific ALV genotypes have not been selected for traits 
of interest such as micronutrient content as these species are less competitive in the market than 
commercial vegetables (Genc et al., 2005; Smith and Eyzaguirre, 2007; Stamp et al., 2012). 
Apart from that, there is extensive variation in the micronutrient contents of a plant population. 
According to Genc et al. (2005), the genetic variability of ALVs need to be invesitgated in 
order to obtain plants with high levels of micronutrients. In this regard, Dubois (2009), Tadele 
and Assefa (2012) and Cheema et al. (2017) suggested micropropagation of ALVs for upscale 
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production and delivery of large quantities of superior (high nutrient content) cloned cultivars 
with desirable characteristics but an extensive search of the literature revealed that no such 
studies have been previously undertaken.  
 
The aim of this study was, therefore, to micropropagate selected S. nigrum genotypes with high 
or low levels of Ca and Fe, and determine whether the cloned genotypes maintained similar 
levels of Ca and/or Fe to those of their parents. The overall aim of the broader research 
programme, of which this study was only a component, is to produce a natural breeding 
population of S. nigrum with high Ca and Fe content for distribution to community gardens. 
Towards these aims, the objectives of the present study were to: 
 
1) To screen a population of seed-germinated Solanum nigrum and select genotypes 
with high or low Ca and Fe content.  
A population of fifty 6-week old seedling plants was screened using Inductively 
Coupled Plasma-Optical Emission Spectrometry (ICP-OES) to determine their leaf Ca 
and Fe levels on a dry mass (DM) basis. Then, some genotypes with high or low 
concentrations of Ca and Fe were selected for micropropagation. 
 
2) To establish a direct organogenesis protocol for micropropagation of the selected 
genotypes.  
The effectiveness of published in vitro propagation protocols on the post-
acclimatisation yield (plants/explant) of leaf and nodal explants from different sources 
(seedling and field plants) was investigated. The effect of three rooting media, 
containing low/no plant growth regulators (PGRs), on root production was also 
evaluated. 
 
3) To assess ex vitro growth responses of the selected cloned genotypes.  
After 2 weeks of acclimatisation, clones of the selected genotypes were maintained in 
soil or 1 soil : 2 vermiculite in a greenhouse and harvested 4 weeks later (6 weeks ex 
vitro growth). The number of leaves, the number of branches, shoot and root lengths 
and fresh and dry masses of shoots and roots were measured at the start of 





4) To compare the Ca and Fe contents of the clones of the selected genotypes, 
maintained in the two substrates, to each other and to those of their parents.  
The leaves of 6-week old cloned genotypes, grown in soil or 1 soil : 2 vermiculite, were 
manually digested and screened for their levels of Ca and Fe (mg 100g-1 DM) using 
ICP-OES. The Ca and Fe content of the selected cloned genotypes from the two 
substrates were compared to each other and to those of their respective 6-week old 
seedling parent genotype. 
 
5) To evaluate the effect of physiological age and substrate on the levels of Ca and Fe 
of the clones of the selected genotypes. 
The selected cloned genotypes were maintained in soil or 1 soil : 2 vermiculite in a 
greenhouse and the number of leaves, shoot and root fresh and dry masses and, leaf Ca 
and Fe levels (mg 100g-1 DM) were determined at 4, 6 and 8 weeks ex vitro.  
 
6) To compare the response of S. nigrum in vitro plantlets between two minimal 
growth storage media. 
Minimal growth storage of S. nigrum in vitro plantlets was investigated by changing 
the composition of the growth medium. The Murashige and Skoog (MS) (1962) basal 
salt medium with vitamins was reduced from full strength to one third or a quarter 
strength and the sucrose concentration was reduced from 30 g l-1 to 5 or 10 g l-1. In vitro 
plantlets of each genotype were maintained on media consisting of either ⅓ MS with 
10 g l-1 sucrose or ¼ MS with 5 g l-1 sucrose for 8 weeks.  The ability of S. nigrum in 
vitro plantlets to multiply after minimal growth was assessed by placing these plantlets 





2. Literature Review 
2.1 Background and importance of Solanum nigrum 
Solanum nigrum is a herbaceous annual plant which belongs to one of the largest and most 
diverse genera of the family Solanaceae (Yousaf et al., 2010; Onyango et al., 2016; Ronoh et 
al., 2017). Solanum nigrum is commonly known as the Black Nightshade and is found mainly 
in tropical and temperate regions, within centres of diversity in the southern hemisphere (D’ 
Arcy, 1991; Edmonds and Chweya, 1997; Weese and Bohs, 2007; Kandimalla et al., 2015). 
Solanum nigrum tends to thrive on disturbed soils such as those from wastelands and roadsides 
(Jagatheeswari et al., 2013; Gogoi and Islam, 2014; Das and Borah, 2015). This plant also 
grows as a weed on cultivated fields, flower gardens and in vegetable gardens (Basset and 
Munro, 1985; Edmonds and Chweya, 1997; Sridhar and Naidu, 2011a). Its ‘weedy’ nature 
makes S. nigrum easy to cultivate, thus providing a source of food to many households (Basset 
and Munro, 1985; Knapp 2008; Taab and Anderson, 2009; Bvenura and Afolayan, 2014a, b).  
 
The tender shoots and leaves of S. nigrum are most commonly used for preparing meals 
(Chweya, 1997; Jansen van Rensburg et al., 2007; Matasyoh and Bosire, 2016; Ngoroyemoto 
et al., 2017). The most preferred method of preparation is by boiling or stewing the shoots and 
leaves and using them as a relish or consuming them as one would do with spinach (Edmonds 
and Chweya, 1997; Akubugwo et al., 2007; Akubugwo et al., 2008), and they are frequently 
incorporated into soups and sauces (Akubugwo et al., 2008; Sridhar and Naidu, 2011a).  The 
unripe berries of S. nigrum tend to be poisonous but the ripe ones are considered to have 
culinary value, as they are most often eaten raw, used in pies or preserves as a substitute for 
raisins (Edmonds and Chweya, 1997; Jacoby et al., 2003; Matasyoh and Bosire, 2016).  
 
Apart from its culinary usage, S. nigrum has been found to be a valuable medicinal plant, with 
its use recorded since ancient times (Edmonds and Chweya, 1997; Matasyoh and Bosire, 2016; 
Nyeem et al., 2017). A clarified juice prepared from S. nigrum has been found to have a 
soothing effect on inflammation of the throat and eye, shingles, ringworm, gout, ear-ache and 
ulcers (Edmonds and Chweya, 1997; Matasyoh and Bosire, 2016). This plant has also been 
found to have many antiseptic, anti-dysenteric, anti-inflammatory, anti-spasmodic, diuretic, 
purgative and sedative properties (Edmonds and Chweya, 1997; Pandhure et al., 2010; Sundari 
et al., 2010; Sridhar and Naidu, 2011a; Khattak et al., 2012; Rathore and Gupta, 2013; Nyeem 
et al., 2017).  
 6 
 
2.2 Taxonomy, growth and genetics of Solanum nigrum 
Taxonomy  
Solanum nigrum belongs to the section Solanum from the genus Solanum in the family 
Solanaceae, in the order Solanales in the kingdom Plantae (Nandhini and Paramaguru, 2014; 
Kandimalla et al., 2015; Matasyoh and Bosire, 2016; Ronoh et al., 2017).  The Solanaceae 
family is of ‘cosmopolitan’ distribution and found throughout the world, and is composed of 
90 genera and 3000 species (Edmonds and Chweya, 1997; Yousaf et al., 2010; Poczai and 
Hyvoenen, 2011; Das and Borah, 2015). The family comprises of many essential fruits, 
vegetables and ornamental plants, as well as the economically indispensable, tobacco 
(Nicotiana sp.) (Edmonds and Chweya, 1997). The genus Solanum is one of the largest and 
most diverse genera in the family and encompasses approximately 1500 species globally 
(Jacoby et al., 2003; Weese and Bohs, 2007; Knapp, 2008; Yousaf et al., 2010; Oyekunle et 
al., 2014; Kandimalla et al., 2015). It is also economically important, as it includes many 
familiar plants such as potato (Solanum tuberosum L.), tomato (Solanum lycopersicum L.), 
eggplant (Solanum melongena L.) and many minor food plants (Soria and Heiser, 1961; Jacoby 
et al., 2003; Poczai and Hyvoenen, 2011; Das and Borah, 2015; Kazi, 2015).  
 
The section Solanum has previously been referred to as Morella, but is now considered to be 
the Solanum nigrum complex (Soria and Heiser, 1961; Edmonds, 1977; Dehmer and Hammer, 
2004). This complex includes the species Solanum nigrum L. (commonly known as Black 
Nightshade) and is made up of many morphogenetically distinct taxa (Stebbins and Paddock, 
1949; Edmonds and Chweya, 1997; Jacoby et al., 2003).  Apart from Solanum nigrum L., other 
members of the complex include Solanum americanum Mill., Solanum villosum Mill., Solanum 
chenopodioides Lam., Solanum retroflexum Dunal., Solanum surattense Burm. F. and Solanum 
physalifolium Rusby. (Weese and Bohs, 2007; Nandhini and Paramaguru, 2014; Kandimalla et 
al., 2015; Matasyoh and Bosire, 2016; Ronoh et al., 2017).  
 
Taxa from the Solanum nigrum complex have been at the centre of many taxonomic studies 
for decades, as their morphologically variable nature has made taxonomic classification, based 
on morphological characters challenging (Stebbins and Paddock, 1949; Venkateswarlu and 
Rao, 1972; Yousaf et al., 2010; Oyekunle et al., 2014; Ronoh et al., 2017). Since the genus 
Solanum L. was first described by Linnaeus in 1753, these taxa have been reclassified 
innumerable times as the earlier studies did not focus on their cytomorphological 
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characteristics (Bukenya and Hall, 1988; Edmonds and Chweya, 1997; Nandhini and 
Paramaguru, 2014; Oyekunle et al., 2014). Many species from the complex have, therefore, 
been identified as S. nigrum, due to morphological markers such as plant habit, pubescence and 
leaf characteristics proving to be insufficient for proper taxonomic classification (Bukenya and 
Hall, 1988; Yousaf et al., 2010).   
 
The taxonomic complexity within the genus Solanum is attributed to various factors, such as 
phenotypic plasticity, genetic variation, polyploidy and natural hybridisation (Stebbins and 
Paddock, 1949; Edmonds and Chweya, 1997; Ronoh et al., 2017). Phenotypic plasticity and 
genotypic variation are most likely to occur in an individual plant as it grows, or in different 
populations of a particular species (Ogg et al., 1981, Nandhini and Paramaguru, 2014). The 




Phenotypic plasticity is the consequence of a species developing several ways of adaptation to 
various environmental conditions and exhibits itself as variation (Barrett, 1982; Krstic’ et al., 
2002; Matasyoh and Bosire, 2016). In S. nigrum, phenotypic plasticity is mainly exhibited in 
the vegetative parts of the plant (Table 1) such as habit, size and form of the leaves, and stem 
winging (Edmonds and Chweya, 1997).  
 
Solanum nigrum grows as either an annual or a short-lived perennial (Table 1). It has a height 
that ranges from 0.25 to 1.2 m tall (Stebbins and Paddock, 1949; Rogers and Ogg, 1981; Basset 
and Munro, 1984; Bukenya and Hall, 1988; Edmonds and Chweya, 1997; Jansen van Rensburg 
et al., 2007; Sridhar and Naidu, 2011a; Chauhan et al., 2012; Khattak et al., 2012; Matasyoh 
et al., 2015; Matasyoh and Bosire, 2016). The inflorescence type is a racemose, or racemose 
variations such as sub-racemose or lateral racemes (Stebbins and Paddock, 1949; Rogers and 
Ogg, 1981; Symon, 1981; Basset and Munro, 1984; Jagatheeswari et al., 2013). However, 
variations of cymes and umbel-like inflorescences have also been reported in the literature 
(Bukenya and Hall, 1988; Edmonds and Chweya, 1997; Mwai et al., 2007; Chauhan et al., 






Table 1: Summary of the reported phenotypic variation exhibited in the height, habit, leaf shape and margin, and inflorescence type of Solanum nigrum.  
Character  
Reference 
Height (m) Habit 
 Leaves  
Inflorescence type  
 Shape  Margin  
-  Annual  Variable  Entire 
Slightly serrate 
 Sub-racemose  Stebbins and Paddock (1949) 
0.5 to 1.0  Erect annual to short lived 
Perennial herb/ subshrub 
 Variable  Variable  Racemose  Rogers and Ogg (1981) 
-  Herb 
Soft wooded shrub 
 Ovate  
Entire 
Bluntly toothed 
 Short raceme  Symon (1981) 
0.5  
Erect, subglabrous, annual 
herb with sparsely branched 
stem 
 Elliptic to ovate  
Entire 
Wavy 
 Racemose  Basset and Munro (1984) 
1.0  Subglabrous herb  Elliptic  Entire 
Toothed 







Table 1 continued 
Character   
 
Reference 
Height (m) Habit 
 Leaves  
Inflorescence type  
 Shape  Margin  
0.7  
Erect, subglabrous, annual 
herbs 




Ovate to lanceolate 
Ovate to rhomboid 
 











Erect annual/ Biannual herb  
 -  -  
Umbel-like 
 Jansen van Rensburg et al. 
(2007) 
-  Herb  Ovate to lanceolate  Entire 
Sinuate 
 Simple raceme like 
cymes 
 Manako (2007) 





Sinuate to dentate 
 Mixture of cymes  Mwai et al. (2007) 
1.0  Erect herbaceous annual  Ovate  Irregularly toothed 
Wavy 
 -  Sridhar and Naidu (2011a) 
0.25-1.0  Erect annual herb  Ovate  
- 







Table 1 continued 
Character   
 
Reference 
Height (m) Habit 
 Leaves  
Inflorescence type  
 Shape  Margin  
0.3- 1.2  
Herb 











 -  Khattak et al. (2012) 
-  








Jagatheeswari et al. (2013) 
-  Erect herbs  Ovate  Lobed  Umbellate cyme   Wahua and Olaleye (2013) 
0.3- 1.2  
Herb 











 -  Matasyoh et al. (2015) 
1.0  Branched herb  Ovate  Smooth  
Mixture of cymes 
and forked cymes 
 Matasyoh and Bosire (2016) 
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The leaves exhibit the most plasticity as they are more easily influenced by changes in the 
environment than other vegetative organs (Krstic’ et al., 2002; Jacoby et al., 2003). In earlier 
studies by Stebbins and Paddock (1949) and Rogers and Ogg (1981) it was found that the leaf 
shape of S. nigrum was variable (Table 1). Some studies have shown the leaf shape as being 
ovate, and others described variations of the leaf shape which ranged from elliptic to rhomboid, 
even lanceolate (Symon, 1981; Basset and Munro, 1984; Bukenya and Hall, 1988; Edmonds 
and Chweya, 1997; Manako, 2007; Mwai et al., 2007; Sridhar and Naidu, 2011a; Chauhan et 
al., 2012; Khattak et al., 2012; Wahua and Olaleye, 2013; Jagatheeswari et al., 2013; Matasyoh 
et al., 2015; Matasyoh and Bosire, 2016). The leaf margin, on the other hand, ranges from entire 
to dentate or serrate (Table 1). According to Edmonds and Chweya (1997) these features (Table 
1) are dependent on environmental conditions.  
 
Genetics 
Genetic variation may occur within or between S. nigrum populations and over different 
geographic locations (Ogg et al., 1981; Nandhini and Paramaguru, 2014). There are many 
factors that influence and, therefore, determine the level of genetic variation in a population, 
such as polyploidy and hybridisation (Barrett, 1982). 
 
Polyploidy occurs in plants that contain three or more complete chromosome sets and is the 
basis for genetic variation in plant taxa (Barrett, 1982; Kazi, 2015). Solanum nigrum forms part 
of a series of polyploid plants with the other related species in the Solanum nigrum complex 
(Edmonds and Chweya, 1997; Kazi, 2015). These polyploids are often either diploid 
(2n=2x=24; e.g. S. americanum and S. chenopodioides), tetraploid (2n=4x=48; e.g. S. 
retroflexum and S. villosum) or hexaploid (2n=6x=72, e.g. S. nigrum) in nature and they play 
an important role in the evolution of plants, as they promote changes in gene expression and 
divergence, thereby making them valuable sources of genes for research (Edmonds and 
Chweya, 1997; Nandhini and Paramaguru, 2014; Kazi, 2015).  
 
According to Barrett (1982) and Ojiewo et al. (2007), polyploid plants are capable of naturally 
hybridising with related plant species. Hence, due to the polyploid nature of S. nigrum and other 
plants in the S. nigrum complex, natural hybridisation is highly favoured and occurs frequently 
(Nandhini and Paramaguru, 2014). The product of natural hybridisation is extremely variable 
and can be one of: a) novel and more versatile genotypes that are capable of reproduction; b) 
genotypes that are vegetatively versatile but are sterile; c) hybrid swarms that are capable of 
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interbreeding with other hybrids and backcrossing to parent type plants; or d) new species 
(Barrett, 1982; Edmonds and Chweya, 1997). 
 
2.3 Calcium and iron content in Solanum nigrum 
The nutritional composition of the various plant parts in S. nigrum has been studied extensively 
(Tables 2 and 3) because of the suitability of this leafy vegetable as a food source (Edmonds 
and Chweya, 1997). The mineral content found in the various plant parts of African leafy 
vegetables (ALVs) such as S. nigrum has been highlighted in many studies as they contain 
appreciable amounts of micronutrients that are important to human health (Potawale et al., 
2008; Ngoroyemoto et al., 2017). They include calcium (Ca) (Table 2) and iron (Fe) (Table 3), 
with reported Ca contents ranging from 3.63 to 4421 mg 100g-1 DM in leaves, 12 to 73 mg 
100g-1 DM in seeds and 171 to 1870 mg 100 g-1 DM in the fruit (berries) (Table 2). The reported 
Fe contents, on the other hand, ranged from 2.5 to 85 mg 100g-1 DM in the leaves, 3.8 to 13 mg 
100g-1 DM in the seeds and approximately 52 mg 100g-1 DM in the fruit (Table 3). Apart from 
the leaves it is, therefore, evident that Ca and Fe also occur in their greatest concentration in the 
fruit of S. nigrum (Tables 2 and 3, respectively), even though most studies focus on the leaves, 
as this is the most frequently consumed part (Jansen van Rensburg et al., 2007).  The leaves 
have also been found to be a good source of fibre, carbohydrates, protein and vitamins 
(Edmonds and Chweya, 1997; Afolayan and Jimoh, 2008; Jimoh et al., 2010; Uusiku et al., 
2010; Acipa et al., 2013; Bwembya et al., 2014). 
 
2.4 Factors that affect micronutrient content in ALVs 
The nutritional quality of a plant is determined by the amount of micronutrients contained in its 
edible parts. As presented before (Tables 2 and 3), a lot of variation exists amongst different 
plants regarding micronutrient content. There are many factors that influence the micronutrient 
content of plants (Table 4) and the degree to which their synergistic effects influence 
micronutrient content may vary (Oelberg, 1956; Baligar et al., 2001). The most important 
influencing factors include genotype, stage of plant maturity, edaphic and environmental effects 
(Oelberg, 1956; Kilcher, 1981; Clark, 1983; Nicolle et al., 2004, Bouis and Welch, 2010). 
However, in contrast to the economically important leafy vegetables, information on the effect 
of plant age and environmental conditions on nutritional content in ALVs is scarce (Modi, 





Table 2: Examples of calcium content (mg 100g-1 DM) in various plant parts of Solanum nigrum derived 
from different locations. 
Plant part  Ca content  Locality and origin  Reference 
Leaves  2000  Nigeria Field  Aletor and Adeogun (1994) 
Fruits  171  Ghana Field  Tayie and Asibey-Berko (2001) 
Leaves  204  India Field  Sheela et al. (2004) 






 Nigeria Market  Akubugwo et al. (2007) 
Leaves  2067  South Africa Field  Odhav et al. (2007) 
Leaves  4421  South Africa Field  Afolayan and Jimoh (2008) 
Leaves  18  Nigeria Farm  Akubugwo et al. (2008) 
Leaves  4.4  South Africa Field  Jimoh et al. (2010) 
Seeds  73  India Field  Sarma and Sarma (2011) 
Leaves  12.9  Nigeria Market  Oduse et al. (2012) 
Leaves  873  Nigeria Market  Achikanu et al. (2013) 
Leaves  447  Uganda Field  Acipa et al. (2013) 
Leaves  3.63  Nigeria Market  Nupo et al. (2013) 





1890 and 1930** 
1840 and 1870** 
1200 and 1490** 
 India Field  Vats and Nagpal (2013) 
Leaves  161  Swaziland Field  Bwembya et al. (2014) 
Leaves  22  India Market  Padmashree et al.  (2014) 
*Variety virginicum 









Table 3: Examples of iron content (mg 100g-1 DM) in various plant parts of Solanum nigrum derived 
from different locations. 
Plant part  Fe content   Locality and origin  Reference 
Leaves  57  Nigeria Field  Aletor and Adeogun (1994) 
Fruits  52  Ghana Field  Tayie and Asibey-Berko (2001) 








Akubugwo et al. (2007) 
Leaves  85  South Africa Field  Odhav et al. (2007) 
Leaves  49  South Africa Field  Afolayan and Jimoh (2008) 
Leaves  13.5  Nigeria Farm  Akubugwo et al. (2008) 
Leaves  49  South Africa Field  Jimoh et al. (2010) 
Seed  3.8  India Field  Sarma and Sarma (2011) 
Leaves  2.5  Nigeria Market  Oduse et al. (2012) 
Leaves  31  India Field  Subramanian et al. (2012) 
Leaves  64  Nigeria Market  Achikanu et al. (2013) 
Leaves  42  Uganda Field  Tumwet et al. (2013) 
Leaves  18  Swaziland Field  Bwembya et al. (2014) 
Leaves  4.2  Pakistan Field  Ghani et al. (2014) 







Table 4: Summary of studies on the effect of various factors on micronutrient content of annual and 
biennial leafy vegetables. 
Species Micronutrient Influencing factor Reference 
Amaranthus sp. Ca, Fe 





Ca, Mg, Zn, Fe, 
Mn 
Genotype Shukla et al. (2006) 
Brassica oleracea Fe, Ca, Mg, Zn 
Genotype 
Season 
Kopsell et al. (2005) 
Carrot cultivars Ca, Fe, Mg Genotype Nicolle et al. (2004) 
Corchorus olitorius Fe, Ca, Mg, Zn Nitrogen fertiliser Musa et al. (2010) 
Corchorus olitorius Fe, Ca, Mg, Zn Leaf age/ position Musa (2012) 
Cleome gynandra Fe, Ca, Mg Season Agbo et al. (2014) 
Cynara cardunculus var. 
scolymus (L.) 




Pandino et al. (2011) 
Lactuca sativa var. 
capitata L. 
Fe, Mn, Zn 
Nitrogen forms 
Soil type 
Safaa and Abd El 
Fattah (2007) 
Lycopersicum esculentum Ca, Mg Poultry manure Ewulo et al. (2008) 
Lycopersicum esculentum Ca, Mg 
Poultry manure  
NPK fertiliser 
Stage of maturity 
Ayeni et al. (2010) 
Solanum nigrum Ca, Fe Stage of maturity Chweya (1997) 
Solanum nigrum Cu, Fe, Mn, Zn 
Stage of maturity 
Fertiliser treatment 
Bvenura and Afolayan 
(2014a) 
Solanum nigrum Ca, Mg, P, K, Na 
Stage of maturity 
Fertiliser treatment 
Bvenura and Afolayan 
(2014b) 
Telfairia occidentalis Fe, Ca, Mg, Zn Leaf age/ position 








likely to cause extensive variation on the micronutrient content of leafy vegetables during plant 
growth. This is consistent with the findings of other studies on various ALVs as outlined below. 
 
In S. nigrum, the effect of the stage of plant maturity on Ca and Fe content was investigated in 
plants harvested at 3, 5, 7, 9 and 11 weeks, after transplanting 6-week old seedlings (Chweya, 
1997). The Ca levels increased over the 11 weeks of growth and morphogenesis, while Fe 
content slightly decreased from week 3 to 7, before significantly increasing from week 9 to 11 
(Chweya, 1997). Similarly, Modi (2007) observed that Ca and Fe content increased with 
advancing age in different genotypes of Amaranthus sp. and at different maintenance 
temperatures. In contrast, Ayeni et al. (2010) found that Ca and magnesium (Mg) content in 
Lycopersicum esculentum decreased with increasing plant maturity. Musa and Ogbadoyi (2012) 
observed that the micronutrient content differed with leaf position (i.e. age) in Telfairia 
occidentalis as Ca, Fe, Mg and Zinc (Zn) content decreased from the basal to the upper leaves. 
However, in a similar study on Corchorus olitorius, the levels of Ca, Fe, Mg and Zn fluctuated 
from the basal to the middle and upper leaves (Musa, 2012). 
 
According to Oelberg (1956) and Fong et al. (2015), the genetic control of micronutrient 
acquisition in leafy plants is such that some plants which are maintained in low Ca soil may 
exhibit high amounts of Ca in their plant parts and vice versa. Modi (2007) found that Ca and 
Fe content of Amaranthus sp. were higher at warmer (27/21 ºС) than at cooler (21/15 ºС) 
(day/night) temperature regimes. Brassica oleracea genotypes differed in Ca, Fe, Mg and Zn 
content from one season to another (Kopsell et al., 2005). Similarly, Pandino et al. (2011) 
observed that season and location influenced levels of Ca, Fe, Cu and Zn in Cynara cardunculus 
var. scolymus genotypes. In a study to determine whether the amounts of leaf Ca, Fe and Mg 
were affected by dry or rainy seasons, Agbo et al. (2014) found that while Ca and Mg content 
increased in Cleome gynandra from the dry to the rainy season, the levels of Fe decreased. 
 
While the physical properties, such as soil type and porosity, may have indirect effects on 
micronutrient content, the chemical properties of the soil determine the ability of the plant to 
absorb them (Oelberg, 1956). The addition of fertilisers also affects the nutritional quality of 
plants. Ayeni et al. (2010) established that supplying poultry manure or NPK fertiliser to 
Lycopersicum esculentum plants was effective in increasing leaf Ca and Mg content (Ewulo et 
al., 2008). Safaa and Abd El Fattah (2007) found that nitrogen containing fertilisers and soil 
type both influenced and increased the levels of Fe, Mn and Zn in Lactuca sativa var. capitata 
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L. In a similar study, Musa et al. (2010) supplied Corchorus olitorius plants with nitrogen 
fertiliser and observed that Fe and Cu content decreased with fertiliser application, while Mg 
and Zn levels were not affected. In these studies, the method in which the plant material was 
analysed and the time of collection of plant material may have also influenced the micronutrient 
content of the plants. 
 
2.5 Propagation of Solanum nigrum 
2.5.1 Conventional propagation 
Solanum nigrum plants have the ability to reproduce sexually via seed and vegetatively via 
cuttings (Chweya, 1997; Edmonds and Chweya, 1997), with the former being the most 
commonly-used method (Chweya, 1997; Taab and Anderson, 2009). In a study undertaken by 
Mwafusi (1992) to investigate the effect of propagation via seeds and cuttings on the growth 
and quality of S. nigrum plants, it was found that S. nigrum could be propagated via shoot 
cuttings but such plants appeared to grow less vigorously than those derived from seeds. A 
literature search found that no further studies have been undertaken on the use of cuttings of 
this species. 
 
Solanum nigrum is an inbred species and its seeds are housed in prolific amounts in globose, 
dull purple-black berries (Basset and Munro, 1985; Stankiewics et al., 2001). The seeds are 
equipped to survive in a dormant stage for prolonged periods of time, until provided with 
optimal conditions for germination and can, therefore, be stored in seed banks (Basset and 
Munro, 1985; Stankiewics et al., 2001). Suthar et al. (2009) explained that in S. nigrum the 
mechanism of dormancy may be associated with the seeds’ impermeable coat. The seeds can 
be germinated by removing them from the berries (fruit) and sowing them just below the surface 
of the soil (Taab and Anderson, 2008; Taab and Anderson, 2009). This is done by squeezing 
the seeds into a pulp and drying them at room temperature, away from the sun, as exposure may 
negatively affect germination (Keely and Thullen, 1983; Givelberg et al., 1984; del Monte and 
Tarquis, 1997; Kremer and Lotz, 1998; Taab and Anderson, 2008).  According to Edmonds and 
Chweya (1997), seeds can also be removed from the berries using a fermentation process or 
using hydrochloric acid. 
 
The seeds  of S. nigrum are commonly distributed by birds and cattle who consume and excrete 
them after they have been partially scarified by stomach acid (Basset and Munro, 1985; Barnea 
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et al., 1990; Stankiewics et al., 2001). According to Ciarka and Gawronski (1996), this 
enhances seed germination. Solanum nigrum seedlings tend to self-pollinate and flower 5 to 7 
weeks after germination, indicating the sexual maturity of the plant (Edmonds and Chweya, 
1997; Kremer and Lotz, 1998). Within this period, the tender shoots and leaves are harvested 
and used as vegetables for the preparation of meals (Chweya, 1997; Jansen van Rensburg et al., 
2007).  
 
2.5.2 In vitro propagation 
Micropropagation is a method of mass-producing plants of a genotype with traits of interest 
(i.e. cloning), by manipulating the ability of a plant cell to regenerate whole plants in vitro 
through the use of exogenous plant growth regulators (PGRs) (Hartmann et al., 1997; George 
et al., 2008; Acquaah, 2012). It involves the growth of decontaminated plant material 
(explants), such as leaves, shoot tips, nodes and stems, in an aseptic environment which is later 
transferred to the external environment (George et al., 2008). To ensure decontamination, S. 
nigrum explants are usually rinsed thoroughly under running tap water with a surfactant 
(Tween20® or Teepol®), prior to surface sterilisation which involves dipping the explant in 70 
% alcohol and/or low levels of mercuric chloride (HgCl2), followed by several rinses in sterile 
distilled water (Kolar et al., 2008; Pandhure et al., 2010; Sundari et al., 2010; Verma et al., 
2010; Padmapriya et al., 2011; Sridhar and Naidu, 2011a, b; Sarethy et al., 2014; Geetha et al., 
2016). Nodes and leaf segments are the most commonly used explant types for establishing in 
vitro cultures of S. nigrum (Tables 5 and 6). Whole plants of this species have been regenerated 
in vitro mainly via direct (Table 5) or indirect (Table 6) organogenesis but can also be 
regenerated in vitro via the somatic embryogenesis pathway (Xu et al., 2014). 
 
Organogenesis 
Solanum nigrum explants have been mainly cultured onto Murashige and Skoog (MS) (1962) 
media containing 30 g l-1 sucrose and various concentrations and combinations of PGRs, i.e. 
benzylaminopurine (BAP), kinetin (KIN), α-naphthalene acetic acid (NAA), indole-3-acetic 
acid (IAA) or indole-3-butyric acid (IBA) (Bhat et al., 2010; Sundari et al., 2010; Verma et al., 
2010; Sridhar and Naidu, 2011a, b; Choudhary et al., 2014; Geetha et al., 2016). Most of the in 
vitro studies undertaken using S. nigrum, used BAP at the multiplication stage, alone or in 
combination with other PGRs (Table 5). Cytokinins, such as BAP, are recognised for their 
ability to enhance cell division, and to promote shoot multiplication and axillary bud 
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proliferation (George et al., 2008). As part of the direct organogenesis pathway, the cytokinin 
KIN (0.25-5.4 mg l-1) and other auxins were also used for shoot multiplication (Table 5) and  
 
Table 5: List of reported micropropagation studies carried out on Solanum nigrum and combinations of 
plant growth regulators (PGRs) (mg l-1) required by different explants for direct organogenesis 
protocols. BAP = benzylaminopurine, IAA = indole-3-acetic acid, IBA = indole-3-butyric acid, NAA = 
α-naphthalene acetic acid, 2, 4-D = 2, 4- dichlorophenoxyacetic acid, KIN = kinetin, TDZ = thidiazuron, 
NR = Not reported. 









Hussanein and Soltan 
(2000) 
Leaves BAP [2.0] IBA [1.0] Kannan et al. (2006) 
Leaves 
BAP [0.25-2.0] 




Bhat et al. (2010) 
Leaves 
BAP [3.0- 7.0] 
IBA [0.5] 
IBA [0.5-2.5] Pandhure et al. (2010) 
Nodes BAP [0.1-5.6] 
IAA [0.2 and 1.0] 
IBA [1.0 and 4.0] 
NAA [0.2- 4.0] 
Sundari et al. (2010) 




IBA [ 1.0-5.0] 
NAA [0.9-4.7] 













Sridhar and Naidu 
(2011b) 
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Table 5 continued 





NAA [0.1-1.0] Kavitha et al. (2012) 

























Afrasaib et al. (2017) 
 
 
included NAA (0.5-5.0 mg l-1), IBA (0.5 mg l-1) TDZ (0.1-0.5 mg l-1), and IAA (0.5-5.0 mg l-
1) (Hussanein and Soltan, 2000; Bhat et al., 2010; Pandhure et al., 2010; Padmapriya et al., 
2011; Sridhar and Naidu, 2011b; Kavitha et al., 2012; Sarethy et al., 2014; Afrasaib et al., 
2017). 
 
The concentration of BAP used for each explant type differed among the various studies and 
ranged from 0.5 to 6.3 mg l-1 BAP (Table 5). Kannan et al. (2006), Bhat et al. (2010) and 
Sridhar and Naidu (2011b) found that 2.0 to 3.0 mg l-1 BAP was required to induce shoots in 
leaf explants. Sridhar and Naidu (2011b) reported 27 shoots/leaf explant when placed on media 
containing 3 mg l-1 BAP in combination with 0.5 mg l-1 IAA. Bhat et al. (2010) found that leaf 
explants produced 11 shoots/explant on media containing 2.0 mg l-1 BAP and 19 shoots/explant 
on leaf explants that were placed on 1.5 mg l-1 KIN (Bhat et al., 2010). Pandhure et al. (2010) 




Sundari et al. (2010), Padmapriya et al. (2011) and Kavitha et al. (2012) found that 3 mg l-1 
BAP was the most effective PGR concentration to induce shoots from nodal explants. They 
reported high percentages of nodal explants producing shoots on shoot multiplication media 
containing between 3.0 to 3.4 mg l-1 BAP. However, Kavitha et al. (2012) obtained 8 
shoots/explant when nodal explants were placed on 3.0 mg l-1 BAP, whereas Sundari et al. 
(2010) only reported 2 shoots/nodal explant. Similar to the findings of Kavitha et al. (2012), 
Rathore and Gupta (2013) reported that nodal explants produced 8 to 10 shoots/explant, but on 
media containing 0.5 mg l-1 BAP. In a similar study, Sarethy et al. (2014) found that S. nigrum 
nodal explants produced 19 shoots/explant when placed on shoot multiplication medium 
containing 0.5 mg l-1 BAP in combination with 3 mg l-1 IAA. 
 
The auxins most routinely used for rooting in vitro shoots of S. nigrum are IBA (0.25-5.0 mg l-
1), IAA (0.25-5.0 mg l-1) and NAA (0.25-5.0 mg l-1) (Table 5). High percentages (71-100 %) of 
shoots rooted on 0.5 mg l-1 IBA (Kolar et al., 2008; Bhat et al., 2010; Pandhure et al., 2010; 
Swain et al., 2010; Sridhar and Naidu, 2011a, b) and 1.0 mg l-1 IBA (Hussanein and Soltan; 
2000; Kannan et al, 2006; Sundari et al., 2010). Similar results (71-100 % rooting) were also 
reported when S. nigrum shoots were rooted on 0.5 mg l-1 BAP (Kolar et al., 2008; Sridhar and 
Naidu, 2011a, b). 
 
Indirect organogenesis occurs when an explant that is placed onto media containing high levels 
of auxins (and sometimes cytokinins) produces shoots from callus. Calli are made up of a mass 
of undifferentiated cells (Rao, 2004) which can be regenerated to produce shoots and then roots 
(Hartman et al., 1997; George et al., 2008).  In S. nigrum, the cytokinin BAP (0.5 mg l-1) is the 
most frequently used PGR for callus induction in leaves and nodal segments (Table 6) 
(Hussanein and Soltan, 2000; Kolar et al., 2008; Swain et al., 2010; Sridhar and Naidu, 2011a; 
Ewais et al., 2015), in combination with other auxins such as 0.1 mg l-1 2, 4-
dichlorophenoxyacetic acid (2,4-D) (Hussanein and Soltan, 2000), 2 mg l-1 IAA (Kolar et al., 
2008) and 3 mg l-1 NAA (Sridhar and Naidu, 2011a). Leaf segments have been the preferred 
explants for inducing calli (Table 6). Ewais et al. (2015) found that 88 % of leaf explants 
produced calli. Sridhar and Naidu (2011a) also reported that although callus was produced from 
both nodal and leaf explants, leaf explants produced more calli than nodal explants, which were 





Table 6: List of reported micropropagation studies carried out on Solanum nigrum and combinations of 
plant growth regulators (PGRs) (mg l-1) required by different explants for indirect organogenesis 
protocols. BAP = benzylaminopurine, IAA = indole-3-acetic acid, IBA = indole-3-butyric acid, NAA = 




























































Alone or in 
combination with 
IAA [0.1 and 0.5] 
NAA [0.1 and 0.5] 
IBA [0.25-1.0] 
NAA [0.25-1.0] 






















Somatic embryogenesis is the process by which somatic cells develop into embryos in vitro, 
and then germinate in a similar way to zygotic embryos (Kunitake and Mii, 1998; George et 
al., 2008). As with organogenesis, the production of these somatic embryos may proceed 
directly from the explant or indirectly via a callus stage (Hartmann et al., 1997; George et al., 
2008). Little information is available on the propagation of S. nigrum via somatic 
embryogenesis, other than a study by Xu et al. (2014), who obtained somatic embryo-like 
structures which they called frog egg-like bodies (FELBs). These were formed from the callus 
induced from leaf, stem and root explants, which were cultured onto media containing 2, 4-D 
and NAA. The best PGR concentration was 1 mg l-1 2, 4-D that resulted in 100 % (leaves), 85 
% (stems) and 93 % (roots) callus induction (Xu et al., 2014). Xu et al. (2014) also noted that 
calli were only produced in the presence of 2, 4-D and that NAA failed to produce FELBs. All 
FELBs produced more than one plantlet when cultured onto shoot induction media containing 
5 mg l-1 BAP in combination with 0.1 mg l-1 gibberellic acid (GA3).  While Xu et al. (2014) did 
report the transfer of in vitro shoots to a rooting medium, no further information on the 
composition of the media or findings on the effect of rooting medium on root production were 
reported.  
 
2.6 In vitro conservation  
In vitro micropropagation methods are predominantly used for mass production of selected 
plant genotypes and conservation of endangered ones (Engelmann, 1991; Bertrand-Desbrunais 
et al., 1992; Engelmann and Engels, 2002). However, the use of such techniques may also be 
employed for storing plant material for subsequent propagation (Engelmann, 1991; Bertrand-
Desbrunais et al., 1992; Negash et al., 2001; Rao, 2004; Fah, 2013). There are two approaches 
to in vitro storage: a) minimal growth storage and b) cryopreservation, and their use is 
dependent on the required duration of storage (Engelmann, 1991; Rao, 2004; Keller et al., 2006; 
da Silva and Scherwinski-Pereira, 2011; Engelmann, 2011; Joshi and Jadhav, 2013). The 
former is best suited for short-to-medium term storage, whereas the latter facilitates long-term 
storage (Engelmann, 1991; Rao, 2004; Keller et al., 2006; Ahmed and Anjum, 2010; 
Engelmann, 2011; Fah, 2013). These in vitro storage techniques have an advantage over in situ 
and ex situ conservation techniques, because they require minimal labour, reduced storage 
space, are free from contamination, have high multiplication rates and enable the exchange of 
plant material internationally (Engelmann, 1991; Bekheet, 2007; Engelmann, 2011; Pérez-
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Molphe-Balch et al., 2012). Although one of the objectives of the present study was to develop 
a protocol for in vitro minimal growth storage but not cryopreservation of selected S. nigrum 
genotypes, both are briefly discussed below.  
 
a) Minimal growth storage 
The main aim of minimal growth storage is to increase the interval between sub-cultures by 
limiting growth, thereby allowing aseptic plant material to be stored in vitro for approximately 
one to five years (Engelmann, 1991; Pérez-Tornero et al., 1999; Engelmann and Engels, 2002; 
Rao, 2004; Bekheet, 2007; Cha-um and Kirdmanee, 2007; Ahmed and Anjum, 2010; 
Engelmann, 2011). However, for this technique to be successful, plant material must maintain 
its ability to regenerate and be rapidly micropropagated after the storage period (Witomska et 
al., 2008; Pérez-Molphe-Balch et al., 2012). Minimal plant growth is usually achieved by 
imposing one or more of the growth restrictions on the in vitro plantlets described below. 
 
Culture medium 
The culture medium can be modified by reducing the strength of MS basal nutrients and/or 
increasing or decreasing the concentration of sucrose in the medium (George et al., 2008; 
Ahmed and Anjum, 2010; Engelmann, 2011). As there are no reports on minimal growth 
storage for S. nigrum germplasm, minimal growth storage of some other herbaceous plants are 
outlined here. Successful growth storage has been reported for many species, including Mentha 
sp. which was stored on hormone-free media containing ½ MS, 30 g l-1 sucrose and 15 g l-1 
gelrite for a minimum of 24 months (Reed, 1999). Minimal-growth of Elettaria cardomomum 
(L.) Maton. was achieved for 18 months by storing explants on media containing ½ MS which 
included 1 mg l-1 BAP, 30 g l-1 sucrose and 7 g l-1 agar at 25º С (Tyagi et al., 2009). 
 
Growth retardants (e.g. abscisic acid) or osmotic substances (e.g. mannitol or sorbitol) may also 
be added in order to limit shoot growth (Engelmann, 1991; Cha-um and Kirdmanee, 2007; 
Akdemir et al., 2010; da Silva and Scherwinski-Pereira, 2011; Engelmann; 2011; Pérez-
Molphe-Balch et al., 2012). Bekheet (2007) evaluated the effect of inducing osmotic stress on 
globe artichoke cultures by including either 40 g l-1 mannitol or 40 g l-1 sorbitol to the minimal 
growth storage media. The ability of these cultures to recover after minimal growth storage was 
screened over three, six, nine and twelve months. That study revealed that the percentage 
survival decreased from 100 % (with 4 shoots/explant) at three months to 20 % (with 1 




The storage temperature of cultures is dependent on the plant’s sensitivity to low temperatures 
(Engelmann, 1991; Pérez-Molphe-Balch et al., 2012). Cold-tolerant plants generally require 
low temperatures (0-5 ºС) in order to limit growth, whereas cold-sensitive plants require 
temperatures between 15 and 20 ºС (Cha-um and Kirdmanee, 2007; Witomska et al., 2008; 
Engelmann, 2011; Fah, 2013). Reed (1999) reported successful storage of cold-tolerant Mentha 
sp. genotypes at 4 ºС for 30 months, while cold-sensitive genotypes survived only for 18 months 
and at 25 ºС. Cantos et al. (1998) reported successful growth reduction of Atropa baetica Willk. 
germplasm, a herbaceous plant belong to the family Solanaceae, by exposing cultures to 4 ºС 
or 25 ºС. Broccoli plantlets (Brassica oleracea L.) were successfully stored at 5 and 10 ºС for 
six weeks without any effect on their dry mass (Kubota and Kozai, 1994).  
 
Other factors 
The choice of culture vessel and the volume of culture medium play important roles in minimal 
growth storage (Engelmann, 1991) because they determine the availability of oxygen to the 
cultures (George et al., 2008). Different explant types vary in their physiological condition and 
this influences the efficiency of storage under minimal growth conditions (Engelmann, 1991; 
Sharma and Nautiyal, 2009). Decreasing light intensity, in combination with temperature, is 
also sometimes effective in limiting in vitro plant growth (Engelmann, 1991; Pérez-Tornero et 
al., 1999; Rao, 2004; Engelmann, 2011). Explants with differentiated cells, such as shoots, tend 




Cryopreservation is considered by some to be the only cost efficient and long-term conservation 
technique available (Engelmann, 2004; Cha-um and Kirdmanee, 2007; Engelmann, 2011). The 
technique is based on the reduction and eventual cessation of metabolic functions in plant 
material during storage at ultra-low temperatures in liquid nitrogen (-196°C), while retaining 
cellular viability (Engelmann, 1991; Bekheet, 2000 Engelmann and Engels, 2002; Rao, 2004; 
Engelmann, 2011; Fah, 2013). Theoretically, small pieces of plant material can be stored in this 
manner for an unlimited period of time (Engelmann, 1991; Engelmann and Engels, 2002; Fah, 
2013). However, subsequent successful regeneration and propagation is a prerequisite (Rao, 
2004). Cryopreserved cultures generally occupy a small volume of space, require minimal 
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maintenance and are protected from contamination (Engelmann and Engels, 2002; Engelmann, 
2004; Rao, 2004; Engelmann, 2011).  
 
There are two techniques of cryopreservation, i.e. freeze-induced dehydration and vitrification 
(Engelmann, 2004; Rao, 2004; Engelmann, 2011). The former requires plant material to be 
slowly cooled down to approximately - 40o C prior to immersion in liquid nitrogen for rapid 
freezing (Engelmann, 2004; Rao, 2004; Keller et al., 2006; Engelmann; 2011). Cryoprotectants, 
such as sucrose, mannitol, sorbitol or dimethylsulfoxide, are also used to prepare plant material 
for the freezing process so as to maintain the integrity of the plant tissues during 
cryopreservation (Engelmann, 1991; Rao, 2004). The latter technique is based on the ability to 
vitrify intracellular solutes in plant material by removing most, if not all, freezable water by 
means of air desiccation or osmotic dehydration of plant material prior to rapid freezing 




3. Materials and methods 
3.1 Plant material 
3.1.1 Whole plants 
Whole plants of S. nigrum, 300-400 mm tall and containing ripe fruits, were collected from the 
Bisasar Road Landfill site (29° 49 '4" S, 30° 58' 43" E) (Durban, South Africa) and transported 
to the School of Life Sciences, University of KwaZulu-Natal (Durban, South Africa). They 
were planted in flower pots (260 mm diameter, 210 mm depth) containing soil and maintained 
in a shadehouse facility (Figure 1 A).  
 
The plants were watered twice daily for 1 min by an automatic watering apparatus and treated 
on a weekly basis with the following systemic fungicides: 2 g l-1 Dithane® (mancozeb) 
(Kombat, South Africa) and 1 ml l-1 Supremo® (chlorothalonil) (Grovida, South Africa) as a 
foliar spray and 1 ml l-1 Chronos® (imidazole) (Makhro Agro, South Africa) and 1.25 ml l-1 
Orius® (triazole) (Makhro Agro, South Africa) as a soil spray. They were also supplied with 1 
ml l-1 Trelmix® (Hubers, South Africa) (22.6 g Fe kg-1, 3.2 g Cu kg-1, 2.9 Mn kg-1, 2.4 g Zn kg-
1, 1.1 g B kg-1, 0.3 g Mo kg-1, 0.3 g Mg kg-1) and 1 g l-1 Multifeed Orange® (193 g N kg-1, 83 g 
P kg-1, 158 g K kg-1, 6.1 g S kg-1, 4.6 g Mg kg-1, 700  mg Zn kg-1, 1054 mg B kg-1, 63 mg Mo 
kg-1, 751 mg Fe kg-1, 273 mg Mn kg-1, 75 mg Cu kg-1) (Nulandis, South Africa) every alternate 
week, respectively.  
 
As S. nigrum plants begin to flower, there is a reduction of vegetative growth and leaf yield 
(Chweya, 1997). Therefore, flower buds were regularly removed to encourage lateral growth 
in order to extend the harvesting period and prevent die-back. The shadehouse plants were used 
as a source of field-derived explants for subsequent in vitro investigations. 
 
3.1.2 Seeds 
Fruits (berries) were removed from the collected plants and the seeds extracted by squeezing 
out the fruit pulp onto dry paper towel and air-drying at room temperature for 24 h. The seeds 
were stored in an air-tight plastic container and placed in a cold room (5 ºC).  Three weeks later, 
more seeds were extracted and air-dried as before. Thereafter, 40 chilled and 40 fresh seeds 
were chemically scarified with either 0.01 or 0.1 M HCl for 5 and 10 min before being sown 
into polystyrene seedling tray inserts (30 mm width, 100 mm depth) filled with soil. Seeds for 
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the control were sown directly into the soil without any scarification. The trays were housed in 
a mist tent inside a greenhouse (59.9-81.6 % relative humidity) and watered three times a day 
for 1 min by an automatic watering apparatus. Percentage germination was recorded after four 
weeks.  
 
Two weeks later, the germinated seedlings were removed from the mist tent and transferred to 
larger flower pots (175 mm diameter, 135 mm depth). Solanaceous plants attract many harmful 
pests such as Tetranychus evansi (red spidermite) (Murungi et al., 2014) which was observed 
on some seedlings. Therefore, all seedlings were sprayed once with 2 ml l-1 Redspidercide® 
(tetradifon) (Efekto, South Africa) when spiders were observed. The seedlings were maintained 
in the greenhouse (Figure 1 B) and watered for 2 min every morning by an automatic watering 
system. They were also supplied with 5 g l-1 Multifeed Orange® on a weekly basis. Twelve to 
14 weeks after germination, they were used as a source of seedling-derived explants for 
















Figure 1: (A) Field-derived plants of Solanum nigrum maintained in a shadehouse. (B) Seed-


















3.2 Plant regeneration from nodal and leaf explants 
3.2.1 Surface decontamination 
Nodal and leaf explants from both seedling and field plants were used to determine the best 
source of explants for plant regeneration. Freshly harvested nodal and leaf explants from both 
seedling and field plants were separately washed under running tap water for 1 min, 
decontaminated with 1 % (v/v) sodium hypochlorite (NaOCl) containing a few drops of Tween 
20® for 10 min, and washed three times (30 s each) with sterile distilled water. Nodal explants 
were also decontaminated with 1 % (v/v) NaOCl and Tween 20® and washed three times (30 s 
each) with sterile distilled water, prior to immersion in a filtered [using sterile 0.2 µm Acrodisc® 
filters (Pall Corporation Life Sciences, USA)] antibiotic wash containing 100 µg ml-1 
Streptomycin and Penicillin for 30 or 60 min. Nodal explants were then aseptically trimmed to 
a length of 15 mm and leaf explants were trimmed to produce 15 mm x 15 mm segments. 
 
3.2.2 Media preparation 
Explants were cultured onto full strength Murashige and Skoog (MS) (1962) (Highveld 
Biological, South Africa) basal salt medium with vitamins, 30 g l-1 sucrose and 10 g l-1 agar-
agar (Sigma, South Africa). The pH was adjusted to 5.8 ± 0.2 before autoclaving at 121 °C and 
1.2 kg cm-2 for 20 min. All culture vessels were sealed with parafilm and maintained in a growth 
room at 16 h light (200 µmol m-2 s-1 )/ 8 h dark photoperiod, at 25 and 23 °C, respectively. 
 
3.2.3 Multiplication 
Individual decontaminated explants were placed in culture tubes (25 mm diameter, 90 mm 
depth) containing 5 ml of medium. Nodal explants from field plants were cultured onto shoot 
multiplication media containing 1 or 3 mg l-1 benzylaminopurine (BAP) (Kavitha et al., 2012). 
Media, that included 3 mg l-1 BAP, for nodal explants from seedling and field plants were 
prepared with or without both 1 ml l-1 Methylene blue® and 1 ml l-1 Previcur® (propamocarb 
hydrochloride) (R.T Chemicals, South Africa). The cultures with 1 or 3 mg l-1 BAP without 
Methylene blue® and Previcur® were kept in a growth room for two weeks, whereas those with 
3 mg l-1 BAP, Methylene blue® and Previcur® were maintained in the growth room for two 
weeks with the explants being sub-cultured onto fresh media after one week. Results recorded 
included percentage contamination, percentage necrosis, time taken to produce visible shoots, 
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percentage explants with shoots and number of shoots/explant. As bacterial contamination was 
too extensive, nodal explants were not elongated and rooted. 
 
Decontaminated leaf explants from seedling and field plants were cultured onto medium 
containing 3 mg l-1 BAP, without the addition of Methylene blue® (Sridhar and Naidu, 2011b). 
The cultures were maintained in the growth room for four weeks (seed-derived explants) and 
seven weeks (field-derived explants). The recorded results included percentage contamination, 
percentage necrosis, time taken to produce visible shoots, percentage explants with shoots and 
number of shoots/explant but no statistical comparisons were done due to the difference in 
culture period.  
 
3.2.4 Elongation and rooting 
Subsequent to multiplication, shoot clumps of ± 10 shoots arising directly from leaf explants 
were placed onto 20 ml medium (as described in section 3.2.2) in culture bottles (50 mm 
diameter, 90 mm depth) containing 0.1 mg l-1 BAP and 1 ml l-1 Methylene blue®. These cultures 
were maintained in a growth room for one week (seed-derived explants) or two weeks (field-
derived explants) to elongate shoots to 10-20 mm tall. After elongation, individual shoots (10 
to 20 mm tall) were rooted on 5 ml of three different rooting media in culture tubes: A) 4.4 g l-
1 MS salts and vitamins, 30 g l-1 sucrose, 10 g l-1 agar, 1 ml l-1 Methylene blue®; B) as for A but 
including 0.5 mg l-1 IBA (indole-3-butyric acid) (Sridhar and Naidu, 2011b); or C) as for A but 
including 1 mg l-1 IAA (indole-3-acetic acid) (Bhat et al., 2010). These cultures were 




Plants (30 to 120 mm tall) were removed from the culture tubes and the roots were rinsed in 
distilled water to remove excess agar. The plants were placed individually in flower pots (100 
mm diameter, 80 mm depth) containing soil. Each pot was watered with ¼ strength MS basal 
salt medium with vitamins, individually covered with clear plastic bags and maintained in a 
growth room at 16 h light (200 µmol m−2 s−1)/ 8 h dark photoperiod, at 25 and 23 °C, 
respectively (Swain et al., 2010). After one week, the bags were perforated and one week later, 
removed completely. The potted plants were then transferred to a mist tent in a greenhouse for 
one week and watered by an automatic watering apparatus for 1 min twice a day. The plants 
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were then removed, transferred to larger flowers pots (175 mm diameter, 135 mm depth) 
containing soil and watered by an automatic watering apparatus for 2 min every morning for 
two weeks in the greenhouse. Results recorded included percentage survival, shoot length, and 
fresh and dry masses of the shoots and roots. 
 
3.3 Determination of calcium and iron content in leaves 
Leaves were harvested from plants, dried in an oven at 85 ºC for 48 h and ground to a fine 
powder using a mortar and pestle. Thereafter, 0.15 g dry mass of plant was digested in 5 ml 
nitric acid for 10 min on a hotplate under a fume hood (Nayar et al., 1975). Each sample was 
then diluted to 25 ml with Millipore® water, filtered into a polypropylene vial using a 0.2 µm 
sterile Acrodisc® filter (Pall Corporation Life Sciences, USA) and analysed for calcium (Ca) 
and iron (Fe) content using Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-
OES) (Perkin Elmer 5300, Germany). Total Ca content was expressed as mg of Ca per 100 g 
of dry leaf weight through a calibration curve with Ca standards. The calibration curve range 
was 10-150 mg l-1. Total Fe content was expressed as mg of Fe per 100 g of dry leaf weight 
through a calibration curve with Fe standards. The calibration curve range was 0.05-10 mg l-1. 
All analyses were performed in triplicate. 
 
3.4 Screening and micropropagation of selected genotypes 
3.4.1 Screening 
Fifty, 6-week old seed-germinated plants, with 8-10 leaves and 250 mm tall, were screened for 
their Ca and Fe levels. The fourth, fifth and sixth leaves (± 2.2 g fresh mass) were harvested 
from each plant and assayed for Ca and Fe, as presented in section 3.3. 
 
3.4.2 Selection and micropropagation 
Two genotypes for each of the following categories: a) high Ca (G5 and G20); b) high Fe (G6 
and G15); c) low Ca (G43 and G45) and; d) low Fe (G35 and G50) were selected for 
micropropagation using the protocol for leaf explants (as discussed in section 3.2). Hormone-
free MS medium (rooting medium A, as described in section 3.2.4) was used for rooting in vitro 
shoots of the selected genotypes. After three weeks, the acclimatisation substrate included 1 
soil : 2 vermiculite (w/w) (1S : 2V). After two weeks of acclimatisation in plastic bags in a 
growth room (as presented in section 3.2.5), half of the selected cloned genotypes were 
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transferred to larger flower pots (175 mm diameter, 135 mm depth) containing 1S : 2V while 
the other half were transferred into flower pots of the same size containing soil. All pots were 
maintained in the greenhouse, as described in section 3.2.5. Results were recorded as explained 
in section 3.2. The number of branches, number of leaves, shoot and root lengths, fresh and dry 
shoot and root masses and root:shoot dry masses were recorded at the start of acclimatisation 
and after 6 weeks ex vitro (which included 2 weeks acclimatisation).  
 
3.4.3 The effect of physiological age and substrate on growth and calcium and iron 
content 
One genotype of each of the following categories: a) high Ca (G20); b) high Fe (G6); c) low 
Ca (G43); and d) low Fe (G35) was selected to evaluate the effect of physiological age (i.e. 4, 
6 and 8 weeks ex vitro growth) and substrate type (i.e. soil and 1S : 2V) on growth and Ca and 
Fe content of clones of the selected genotypes of S. nigrum (Figure 2). Results for 
micropropagation were recorded as described in section 3.4.2. After 4, 6 and 8 weeks of ex vitro 
growth (which included two weeks acclimatisation), a portion of plants were harvested for each 
genotype. Results recorded for ex vitro growth were for the number of leaves, shoot and root 
fresh and dry masses and root:shoot dry mass. The levels of Ca and Fe were determined as 












Figure 2: Experimental design for the study on the effect of physiological age and substrate 
type on the ex vitro growth and Ca and Fe content of the clones of the selected genotypes of 
Solanum nigrum. 
Phenotypic assessment of ex vitro growth and 
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3.5 Minimal growth storage 
Four-week old in vitro shoots of the selected genotypes (G5, G6, G15, G20, G35, G43, G45 
and G50) were transferred from shoot multiplication medium onto two types of minimal growth 
media in culture bottles (50 mm diameter, 90 mm depth): A) ⅓ MS basal salt medium with 
vitamins, supplemented with 10 g l-1 sucrose, 1 ml l-1 Methylene blue® and 10 g l-1 agar and B) 
as for A but with ¼ MS basal salt medium with vitamins and 5 g l-1 sucrose. The cultures were 
maintained in a growth room for eight weeks at 16 h light (200 µmol m−2 s−1)/ 8 h dark 
photoperiod, at 25 and 23 °C, respectively.  
 
After eight weeks, individual shoots that appeared viable were retrieved from storage and 
transferred onto 3 mg l-1 BAP shoot multiplication medium (as described in section 3.2.3) for 
four weeks and placed under standard growth room conditions (as presented in section 3.2.2). 
Results were recorded for the number of shoots/explant. Thereafter, shoots (± 10 mm) were 
transferred to elongation medium, followed by rooting on hormone-free MS medium (rooting 
medium A; as discussed in section 3.2.4) and acclimatisation (as described in section 3.2.5). 
 
3.6 Statistical analyses 
Data were analysed using the statistical package SPSS (Version 22 and 23). The data were 
tested for normal distribution and significant differences between two treatments using an 
unpaired t-test and amongst three or more treatments using an analysis of variance (ANOVA) 
followed by a Tukey’s post-hoc test. In some cases, data were log10 transformed prior to 














4.1 Seed germination 
Freshly harvested and chilled seeds were sourced from S. nigrum field plants, germinated in 
potting soil and housed in a greenhouse. After 4 weeks, the germination percentages of the 
controls of the fresh (28 ± 5 %) and chilled (5 ºC; 3 weeks) (60 ± 7 %) seeds were considered 
too low for the purpose of this study (Figure 3). Therefore, to enhance germination, seeds were 
chemically scarified by immersion in two concentrations of HCl (0.01 and 0.1 M) for 5 and 10 
min each. Scarification increased the percentage germination of the fresh and the chilled seeds 
in comparison to the control (Figure 3). However, the percentage germination was not 
significantly different between the 5 and 10 min treatments in HCl (0.01 or 0.1 M) (Figure 3). 
The overall percentage germination was significantly higher in chilled (60-95 %) than in fresh 
(27-60 %) seeds. Seed germination was optimal (almost 100 %) when the seeds were pre-chilled 
and then chemically scarified with 0.01 M HCl for 10 min. The seedlings from this treatment 
were then used as a source of explants for subsequent in vitro experiments. 
 
 
Figure 3: The effect of immersion time and concentration of HCl on the % germination of fresh and 
chilled Solanum nigrum seeds 4 weeks after sowing. Data were analysed between seed types for each 
treatment using an unpaired t-test (mean ± SE, p ≤ 0.05, n=40), across treatments for freshly harvested 
seeds and across treatments for chilled seeds using a one-way ANOVA and a post hoc Tukey test (mean 
± SE, p ≤ 0.05, n=40). Different uppercase letters denote a statistical significance across treatments for 
fresh seeds and different lowercase letters denote a statistical significance across treatments for chilled 
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4.2 Strategies for the establishment of a decontamination protocol 
4.2.1 Preliminary studies on the decontamination of nodal explants 
Solanum nigrum nodes, excised from field plants kept in a shadehouse, were decontaminated 
with 1 % (v/v) NaOCl and Tween 20® for 10 min (as described in section 3.2.1) and placed 
onto shoot multiplication media (as presented in sections 3.2.2 and 3.2.3) containing either 1 or 
3 mg l-1 benzylaminopurine (BAP). Shoots developed within 5 days of culture on media 
containing both concentrations of BAP. However, some explants began to exhibit fungal and 
bacterial contamination within 3 days of culture (Table 7). 
 
For all tested parameters, no significant differences were noted between explants placed on 1 
and 3 mg l-1 BAP (Table 7). However, there were high levels of fungal and bacterial 
contamination on explants cultured on both BAP-containing media (Table 7). A high 
percentage of explants produced shoots directly from their nodal region (88 ± 7.2 % and 100 ± 
0.0 % on 1 and 3 mg l-1 BAP, respectively) but they eventually became contaminated or 
necrotic. Results for the percentage explants with shoots were recorded when the shoots were 
first observed (3-5 days) at the nodal region prior to the onset of contamination or necrosis. The 
nodal explants produced only one shoot/explant even though 88 ± 7.2 and 100 ± 0.0 % of 
explants produced shoots on 1 and 3 mg l-1 BAP, respectively. High percentages (75 ± 0.0 and 
81 ± 11.9 % on 1 and 3 mg l-1 BAP, respectively) of nodal explants also produced calli at the 
base of the shoot (Table 7). As there were no significant differences in the effect of BAP 
concentration on shoot production, in subsequent studies, all explants were cultured on 3 mg l-
1 BAP.  
 
 
Table 7: The effect of the decontamination protocol and media containing 1 and 3 mg l-1 BAP on % 
fungal and bacterial contamination, % necrosis, % explants forming callus, % explants with shoots and 
the number of shoots/explant of nodes of Solanum nigrum derived from field plants. Data were recorded 
after 2 weeks and were analysed using an unpaired t-test (mean ± SE, p ≤ 0.05, n=16). For all parameters, 
there were no significant differences between explants placed on 1 and 3 mg l-1 BAP. 
BAP 
(mg l-1) 







forming callus Fungal Bacterial 
1 50±10.2 13±7.2 63±7.2 88±7.2 1±0.0 75±0.0 
3 25±10.2 31±15.7 38±12.5 100±0.0 1±0.2 81±11.9 
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In conclusion, the nodal explants had high percentages of contamination (fungal and bacterial) 
and necrosis. Therefore, decontamination of the nodes had to be further investigated (section 
4.2.2).  
 
4.2.2 Decontamination of explants from seedling and field plants 
Nodal explants 
In an attempt to obtain aseptic explant material, nodal segments from seedling and field plants 
were subjected to three decontamination protocols (as described in section 3.2.1) (Table 8) and 
thereafter placed on shoot multiplication medium containing 3 mg l-1 BAP (as presented in 
section 3.2.2). The explants were sub-cultured onto fresh shoot multiplication medium after 1 
week and the incidence of contamination was monitored over 2 weeks. New shoots (Figure 4) 
began to develop on the explants of both seedling and field plants within 5 days of being placed 




Table 8: The effect of applying decontamination protocols A, B and C on % fungal and bacterial 
contamination, % necrosis, % explants with shoots and number of shoots/explant of Solanum nigrum 
seed- and field-derived nodal explants after 2 weeks of culture on shoot multiplication medium 
containing 3 mg l-1 BAP. Data were analysed using a one-way ANOVA and a post hoc Tukey test (mean 
± SE, p ≤ 0.05, n=16). Different lowercase letters denote a statistical significance amongst protocols A, 
B and C for each explant source. Different uppercase letters denote a statistical significance for each 
parameter (i.e. within a column). A = control; B = as for protocol A, followed by the addition of 1 ml l-
1 Methylene blue® and 1 ml l-1 of the fungicide Previcur® in the shoot multiplication medium and a 30 
min antibiotic treatment in 100 µg ml-1 Streptomycin and Penicillin; C = as for protocol B but for 60 









explant Fungal Bacterial 
Seed-
derived 
A 31±6.5Aa 94±6.2Aa 0±0.0Bb 100±0.0Aa 1±0.0Aa 
B 0±0.0Bb 69±6.2ABb 13±7.2ABb 56±6.2BCb 1±0.0Aa 
C 0±0.0Bb 44±6.2Bc 56±6.2Aa 69±6.2BCb 1±0.0Aa 
Field-
derived 
A 56±18.7Aa 63±7.2ABa 0±0.0Bb 44±11.9Cb 2±0.0Aa 
B 38±12.5Aa 50±10.2ABa 25±10.2Aa 88±7.2ABa 1±0.5Aa 
C 0±0.0Bb 50±20.4ABa 50±20.4Aa 44±6.2Cb 1±0.2Aa 
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Figure 4: New shoot forming (as indicated by the arrow) from a seed-derived nodal explant, on shoot 
multiplication medium containing 3 mg l-1 BAP, prior to the onset of contamination or necrosis. 
 
 
A preliminary study (protocol A) was done using the initial decontamination protocol for nodal 
explants. The percentages of fungal and bacterial contamination of the two tested explant 
sources, which resulted after this protocol, were high but not significantly different to each 
other (Table 8). No necrosis was observed for either explant source. There was, however, a 
significant difference in the percentage explants forming shoots, with the explants from 
seedling plants producing a significantly higher percentage of new shoots (100 ± 0.0 %) than 
those from the field plants (44 ± 6.2 %).   
 
Since no aseptic material was produced using protocol A (Table 8), two more rigorous ones 
were tested on the nodal explants. Explants were immersed in a filtered antibiotic solution 
containing 100 µg ml-1 Streptomycin and Penicillin for 30 (protocol B) or 60 (protocol C) min 
subsequent to decontamination of explants (as described in section 3.2.1). For both protocols B 
and C, 1 ml l-1 Previcur® and 1 ml l-1 Methylene blue® were incorporated into the shoot 
multiplication medium. The inclusion of Previcur® in protocols B and C successfully eliminated 
fungal contamination in seed-derived explants. However, fungal contamination persisted in the 
field-derived explants exposed to protocol B (38 ± 12.5 %) but was overcome with protocol C 
(Table 8). 
 
Bacterial contamination still occurred in the explants from the seedling and field plants (Figures 




medium and their treatment with 100 µg ml-1 Streptomycin and Penicillin for 30 (protocol B) 
or 60 (protocol C) min. However, a significant decrease in bacterial contamination was recorded 
for seed-derived explants with increased immersion time in the antibiotic treatment, with that 













Figure 5: Bacterial contamination exhibited by nodal explants of Solanum nigrum (as indicated by the 
arrows) from seedling (A) and field (B) plants.  
 
 
On the other hand, similar results were obtained, in terms of bacterial contamination, amongst 
protocols A (63 ± 7.2 %), B (50 ± 10.2 %) and C (50 ± 20.4 %) (Table 8) for field-derived nodal 
explants. For both explant sources, the bacterial contamination observed on them after 
treatment with each protocol, was considered too high for the purposes of this study. 
Additionally, increasing explant immersion time in the antibiotic solution (30 min for protocol 
B and 60 min for protocol C) increased necrosis from 13 ± 7.2 to 56 ± 6.2 % in seedling-derived 
explants and from 25 ± 10.2 to 50 ± 20.4 % in field-derived explants. 
 
The percentage of seed-derived explants which produced shoots using protocols B (56 ± 6.2 %) 
and C (69 ± 6.2 %) was significantly lower than that of protocol A (100 ± 0.0 %) and the 
percentage of field-derived explants which formed shoots using protocol B (88 ± 7.2 %) was 
significantly higher than those from protocols A (44 ± 11.9 %) and C (44 ± 6.2 %).  The newly 
formed shoots elongated on the shoot multiplication medium. However, they became 
A B 




contaminated or necrotic prior to transfer onto rooting medium. All explants produced only one 
shoot regardless of the decontamination protocol or whether they were sourced from seedling 
or field plants. The exception was that field-derived explants subjected to protocol A produced 
two shoots/explant (Table 8).  
 
The results of this study showed that some of the decontamination efforts described above, were 
not successful in producing aseptic nodal explant material because of the high recorded 
percentages of contamination and necrosis and the low numbers of shoots/explant. 
Consequently, leaf segments were investigated as an alternate source of explants. 
 
Leaf explants 
Leaf explants, as used by Sridhar and Naidu (2011b), were decontaminated with 1 % (v/v) 
NaOCl and Tween 20® for 10 min (as described in section 3.2.1). The percentage 
contamination, percentage necrosis and number of shoots/explant were monitored over 4 weeks 
for leaf explants from seedling plants and over 7 weeks for those from field plants. No fungal 
contamination was observed in either of these cultures. Due to the difference in the culture 
periods of the two explant sources, no statistical comparisons between seed- and field-derived 
leaf explants were done. The percentage bacterial contamination obtained using leaf segments 
(10 ± 4.4 % for seed- and 13 ± 9.9 % for field-derived explants) (Table 8) was deemed 
acceptable for the purpose of this study. 
 
4.3 Establishing a direct organogenesis protocol using leaf explants 
4.3.1 Shoot multiplication using leaf explants 
Solanum nigrum leaf explants, excised from a variety of seedling and field plants, were 
decontaminated and placed onto shoot multiplication medium containing 3 mg l-1 BAP (as 
discussed in sections 3.2.2 and 3.2.3). They began curling after 3 days of culture (Figures 6 A 
and 7 A), and visible shoots were observed developing directly on them after 2 weeks (seed-
derived) and 4 weeks (field-derived) on shoot multiplication medium, respectively (Figures 6 
B and 7 B). After shoot initiation, growth of the leaf explants was monitored over 4 and 7 weeks 
for seed- and field-derived leaf explants, respectively (Table 9). The number of shoots/explant 
obtained from field-derived explants (20 ± 1.6 shoots/explant) were much lower than those 






Table 9: A summary of the effect of micropropagation on the shoot multiplication, rooting and acclimatisation responses and the post-acclimatisation yield of 
Solanum nigrum leaf explants from seedling and field plants. Results for % bacterial contamination, % necrosis, and the number of shoots/explant were recorded 
after 4 weeks for seed-derived and 7 weeks for field-derived explants, % rooting after 3 weeks and % survival after 2 weeks of acclimatisation were recorded 
for both explant sources. The yield of plants/explant was calculated after 2 weeks acclimatisation. Data for % rooted shoots, % survival and post-acclimatisation 
yield of plants/explant were analysed using a one-way ANOVA and a post hoc Tukey test (mean ± SE, p ≤ 0.05). Different lowercase letters denote a statistical 

















 % Survival 
     0 80±0.0a  100±0.0a 25±0.5b 
Seed-derived 10±4.4 10±4.4 50±1.1  1 (IAA) 95±5.0a  100±0.0a 30±0.6a 
     0.5 (IBA) 95±5.0a  93±6.6a 28±0.6a 
     0 75±10.0a  19±8.1b 1±0.3a 
Field-derived 13±9.9 40±5.1 20±1.6  1 (IAA) 80±0.0a  46±8.1ab 2±0.3a 





















Figure 6: Illustration of in vitro culture and stages of plantlet regeneration via direct organogenesis 
using leaf explants of Solanum nigrum from seedling plants. (A) Decontaminated explant exhibiting 
curling on shoot multiplication medium containing 3 mg l-1 BAP after 3 days. (B) Shoots produced on 
shoot multiplication medium after 4 weeks. (C) Clumps of shoots on elongation medium containing 0.1 
mg l-1 BAP. Rooting on (D) hormone-free MS medium, (E) 1 mg l-1 IAA and (F) 0.5 mg l-1 IBA after 3 
weeks. (G) Acclimatised plants from the different rooting media (1. hormone-free MS medium, 2. 1 mg 
l-1 IAA and 3. 0.5 mg l-1 IBA). 
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Figure 7: Illustration of in vitro culture and stages of plantlet regeneration via direct organogenesis 
using leaf explants of Solanum nigrum from field plants. (A) Decontaminated explant exhibiting curling 
on shoot multiplication medium containing 3 mg l-1 BAP after 3 days. (B) Shoots produced on 
multiplication medium after 7 weeks. (C) Clumps of shoots on elongation medium containing 0.1 mg 
l-1 BAP. Rooting on (D) hormone-free MS medium, (E) 1 mg l-1 IAA and (F) 0.5 mg l-1 IBA after 3 
weeks. Acclimatised plants from (G) hormone-free MS medium, (H) 1 mg l-1 IAA and (I) 0.5 mg l-1 
IBA. 
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4.3.2 Elongation and rooting of in vitro shoots 
The shoot clumps formed during shoot multiplication were transferred to elongation medium 
containing 0.1 mg l-1 BAP (as described in sections 3.2.2 and 3.2.4). All the shoots of the seed- 
and field-derived explants elongated to 10-20 mm tall (Figures 6 C and 7 C). Those from seed-
derived explants were the quickest to respond (1 week) than those from field-derived explants 
(2 weeks). As spontaneous rooting was exhibited by some shoots during elongation, it was 
postulated that they would root efficiently on media containing no or low concentrations of 
plant growth regulators (PGRs). Rooting was, therefore, investigated on hormone-free MS 
medium and on media containing low concentrations of PGRs (1 mg l-1 indole-3-acetic acid 
(IAA) or 0.5 mg l-1 indole-3-butyric acid (IBA)) to determine the best media composition for 
promoting root morphogenesis of in vitro shoots.  
 
Visible roots were observed on most shoots of the seed- and field-derived explants (Figures 6 
D-F and 7 D-F) during the second week of rooting. In vitro shoots from seed-derived explants 
were green during rooting on all media (Figure 6 D-F). However, in vitro shoots from field-
derived explants were yellow on 1 mg l-1 IAA (Figure 7 E) and purple on 0.5 mg l-1 IBA (Figure 
7 F), but they became green during acclimatisation (Figure 7 G). The in vitro field-derived 
shoots rooted on hormone-free MS medium were green (Figure 7 D).  Regardless, after 3 weeks 
on the three tested rooting media, no significant differences were observed in the percentage 
of rooted shoots (Table 9). 
 
4.3.3 Acclimatisation and post-acclimatisation yield of the cloned plants 
The rooted plantlets were individually acclimatised (as described in section 3.2.5) for 2 weeks 
in pots (100 mm diameter, 80 mm depth) containing soil. The rooting media history had no 
significant effect on percentage survival of the clones produced from seed-derived explants 
(Table 9) (Figure 6 G). However, it had a significant effect on the percentage survival of the 
clones produced from field-derived explants, as plants from hormone-free MS medium resulted 
in a significantly lower percentage survival (19 ± 8.1 %) than those rooted on 0.5 mg l-1 IBA 
(59 ± 12.4 %) (Table 9).  
 
Significantly higher post-acclimatisation yields, in terms of plants/explant, were recorded for 
the seed-derived clones previously rooted on 1 mg l-1 IAA (30 ± 0.6) and 0.5 mg l-1 IBA (28 ± 
0.6) than those previously rooted on hormone-free MS medium (25 ± 0.5) (Table 9). There 
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were no significant differences in the post-acclimatisation yield of the field-derived clones 
previously rooted on hormone-free MS medium, 1 mg l-1 IAA and 0.5 mg l-1 IBA (Table 9). 
While no statistical comparisons could be done due to the differences in the culture period used 
for the two explant sources, it was apparent that the leaf explants from seedling plants produced 
a higher post-acclimatisation yield (25-30 plants/explant) over a shorter period of time than 
those from field plants (1-2 plants/explant) (Table 9).  
 
It is clear, therefore, that seed-derived leaf explants responded better to micropropagation and 
acclimatisation than the field-derived leaf explants. Hence, due to their high post-
acclimatisation yields, leaf explants from seedling plants were used in subsequent studies. 
 
4.3.4 Phenotypic assessment of the ex vitro growth of the cloned plants  
Some ex vitro growth parameters (shoot length and shoot and root fresh and dry masses) were 
recorded for the cloned plants of the seed- and field-derived explants. The shoot lengths of the 
cloned plants were measured at the start (w0) and after 2 weeks (w2) of acclimatisation for seed- 
and field-derived cloned plants (Table 10). Shoot and root fresh and dry masses of the cloned 
plants were recorded at 4 weeks ex vitro when they began to produce flowers (Table 10), but 
the flowers were removed before masses were determined.  
 
There were no significant differences in the shoot lengths of the seed-derived cloned plants that 
were rooted on the different media types at w0. However, significant differences were observed 
in the shoot lengths of the field-derived cloned plants- the shoots of plants rooted on 0.5 mg l-
1 IBA (73 ± 7.2 mm) were significantly shorter than those of plants rooted on hormone-free 
MS medium (105 ± 5.3 mm) and 1 mg l-1 IAA (96 ± 6.2 mm) (Table 10). After 2 weeks of 
acclimatisation, the shoots of the seed-derived cloned plants previously rooted on hormone-
free MS medium (117 ± 11.4 mm) were significantly longer than those of plants rooted on 0.5 
mg l-1 IBA (74 ± 8.7 mm), while the shoot lengths of the field-derived cloned plants were not 
significantly different to each other (Table 10).  
 
The shoot and root fresh and dry masses of the seed-derived clones, previously rooted on 
hormone-free MS medium, were significantly greater (9.7 ± 1.5 and 10.4 ±1.5 g for shoot and  
root fresh masses, respectively, and 1.4 ± 0.2 and 0.8 ± 0.1 g for shoot and root dry mass, 






Table 10: The effect of rooting media history on the shoot lengths and, shoot and root fresh and dry masses of clones produced from seed- and field-derived 
leaf explants of Solanum nigrum. The shoot lengths were recorded at the start (w0) and after 2 weeks (w2) of acclimatisation and the fresh and dry masses of 
shoots and roots of clones of the Solanum nigrum plants recorded after 4 weeks ex vitro (including 2 weeks acclimatisation). Data were analysed using a one-
way ANOVA and a post hoc Tukey test (mean ± SE, p ≤ 0.05, n=15). Different lowercase letters denote a statistical significance for each parameter for each 
explant source. PGR* = Plant growth regulator, w0** = End of rooting and the start of acclimatisation, w2*** = After 2 weeks acclimatisation 
Source 




Root (g) Root: 
Shoot PGR* (mg l-1)  w0** w2*** Fresh Mass Dry Mass Fresh Mass Dry Mass 
Seed- derived 
0  56±5.4a 117±11.4a  9.7±1.5a 1.4±0.2a  10.4±1.5a 0.8±0.1a 1 ±0.1a 
1 (IAA)  57±3.9a 93±9.7ab  8.7±1.4ab 1.3±0.3ab  8.1±0.9ab 0.7±0.1ab 1±0.1a 
0.5 (IBA)  60±5.3a 74±8.7b  4.5±1.1b 0.5±0.2b  3.9±1.0b 0.3±0.1b 1±0.2a 
Field- derived 
0  105±5.3a 112±11.0a  0.8±0.4a 0.1±0.0a  1.1±0.4a 0.1±0.0a 1±0.0a 
1 (IAA)  96±6.2a 98±15.7a  1.0±0.3a 0.1±0.0a  1.8±0.4a 0.5±0.1a 3±0.9a 




1.0 g for shoot and root fresh masses, respectively, and 0.5 ± 0.2 and 0.3 ± 0.1 g shoot and root 
dry masses, respectively) (Table 10). Rooting media history had no significant effects on the 
shoot and root fresh and dry masses of the field-derived cloned plants (Table 10). This was also 
true for the root:shoot dry masses of both the seed- and field-derived clones (Table 10). 
 
In conclusion, the clones of seed-derived leaf explants, previously rooted on hormone free MS 
medium and 1 mg l-1 IAA,  had the greatest shoot and root fresh and dry masses after 4 weeks 
of ex vitro growth (which included 2 weeks acclimatisation). In subsequent studies, seed-
derived leaf explants were used for shoot induction and multiplication, and hormone-free MS 
medium was used for rooting the in vitro shoots.  
 
4.4 Screening, selection and micropropagation of the calcium and iron genotypes 
4.4.1 Screening and selection of the genotypes 
A population of fifty 6-week old seedlings was chosen to screen for leaf calcium (Ca) and iron 
(Fe). The Ca content ranged from 331.05 to 916.30 mg 100 g-1 dry mass (DM) (Figure 8) and 
the levels of Fe ranged from 0.64 to 14.95 mg 100 g-1 DM (Figure 9), with significant 
differences detected amongst many different genotypes. Based on these results, eight genotypes 
were selected for micropropagation: a) high Ca (G5 and G20); b) low Ca (G43 and G45); c) 
high Fe (G6 and G15); and d) low Fe (G35 and G50) hereafter refered to as selected genotypes.  
 
4.4.2 Direct organogenesis of the selected genotypes 
In vitro propagation of the selected genotypes 
Leaf segments of the selected genotypes were used as a source of explants (section 3.4.2) for 
their micropropagation. As previously observed, the explants began to produce visible shoots 
after 2 weeks on the shoot multiplication medium. After a further 2 weeks, significantly high 
percentages of explants (75-92 %) from most of the genotypes produced shoots (Table 11). The 
exception was the low percentage of shoots from the G50 explants (25 ± 8.2 %). Significant 
differences were observed in the number of shoots/explant amongst the selected genotypes 
(Table 11), with G5 (25 ± 4.1), G6 (26 ± 3.0), G20 (24 ± 3.1) and G35 (22 ± 3.3) producing 
the least number of shoots/explant and G43 (51 ± 5.8) the highest. All the shoots elongated to 
10-20 mm tall, regardless of genotype. They were then transferred onto hormone-free MS 
medium for rooting, as the plants that were previously rooted on this medium survived  







Figure 8: Leaf calcium content (mg 100 g-1 DM) of different 6-week old Solanum nigrum genotypes (G). Data were analysed using a one-way ANOVA and a 
post hoc Tukey test (mean ± SE, p ≤ 0.05, n=50). Mean values with different letters denote a statistical significance amongst the genotypes. Shaded bars 










































































































































































































































































































Figure 9: Leaf iron content (mg 100 g-1 DM of different 6-week old Solanum nigrum genotypes (G). Data were analysed using a one-way ANOVA and a post 
hoc Tukey test (mean ± SE, p ≤ 0.05, n=50). Mean values with different letters denote a statistical significance amongst the genotypes. Shaded bars represent 













































































































































































































































































shoots amongst the tested genotypes (Table 11). 
 
Acclimatisation and post-acclimatisation yield of the clones of the selected genotypes 
The major goal of the research programme, of which the present study was only the initial 
component, is to provide community gardens (which usually have low fertile soil) with a 
natural breeding population of S. nigrum plants with high Ca and Fe contents. Therefore, a mix 
of 1 soil : 2 vermiculite (w/w) (1S : 2V) was used to represent a substrate with medium to low 
levels of nutrients. All plants were individually acclimatised in flower pots (100 mm diameter, 
80 mm depth) containing 1S : 2V for 2 weeks. After this period, 92-100 % of the clones of all 
the tested genotypes survived acclimatisation (Table 11). After acclimatisation, the post-
acclimatisation yield of G43 (32 ± 3.6 plants/explant) was significantly higher than those of 
G5 (13 ± 2.1 plants/explant), G6 (16 ± 1.8 plants/explant), G20 (16 ± 2.0 plants/explant), G35 
(11 ± 1.6 plants/explant) and G50 (14 ± 1.6 plants/explant). 
 
In conclusion, there were no differences amongst the genotypes with regards to the ability of 
the shoots to root and in the plantlet survival after acclimatisation but there were some 
phenotypic differences amongst the tested genotypes with regards to the percentage of explants 
with shoots, number of shoots/explant and subsequent post-acclimatisation yield of 
plants/explant. 
 
4.4.3 Phenotypic assessment of the ex vitro growth of the clones of the selected genotypes 
Some ex vitro growth parameters, i.e. the number of branches, number of leaves, shoot length, 
root length and the fresh and dry masses of the shoots and roots were recorded for the clones 
of the tested genotypes (Tables 12-15). This was done at the start of acclimatisation (w0) and 
after 6 weeks ex vitro (w6) growth (which included 2 weeks acclimatisation) in soil or in 1S : 
2V. These parameters were not recorded for the parent plants as it required harvesting and 
destroying them. Therefore, comparisons of these tested parameters between each parent plant 
and its clones were not performed.  
 
Number of branches and leaves  
The number of branches (1-3) was not significantly different amongst the cloned genotypes 
both at the start of acclimatisation (w0) and after 6 weeks of ex vitro growth (w6) in soil (Table 






Table 11: A summary of the effect of the established micropropagation protocol on the shoot multiplication, rooting and acclimatisation responses and the 
subsequent post-acclimatisation yield of the selected Solanum nigrum genotypes. Results for % explants with shoots and number of shoots/explant were recorded 
after 4 weeks, % rooting was recorded after 3 weeks, % survival and yield of plants/explant were recorded and calculated after 2 weeks of acclimatisation. Data 
were analysed using a one-way ANOVA and a post hoc Tukey test (mean ± SE, p ≤ 0.05, n=8-30). Different lowercase letters denote a statistical significance 
amongst genotypes for each parameter (within a column). 
Genotype 
Shoot Multiplication  Rooting  Acclimatisation  
Yield of plants/ 








G5 75±16.2a 25±4.1b  100±0.0a  92±4.8a  13±2.1b 
G6 92±8.2a 26±3.0b  90±4.4a  92±4.8a  16±1.8b 
G15 83±16.7a 28±3.8ab  97±3.3a  96±4.0a  19±2.5ab 
G20 83±9.5a 24±3.1b  97±3.3a  96±4.0a  16±2.0b 
G35 75±16.0a 22±3.3b  90±6.8a  100±0.0a  11±1.6b 
G43 83±9.5a 51±5.8a  100±0.0a  100±0.0a  32±3.6a 
G45 75±16.0a 43±9.5ab  100±0.0a  100±0.0a  24±5.3ab 






12), with the G15 (4 ± 1.1) clones developing a significantly higher number of branches than 
the G35 (1 ± 0.0), G43 (1 ± 0.3), G45 (1 ± 0.1) and G50 (1 ± 0.0) clones. For each genotype, 
there was no significant difference in the number of branches between w0 and w6 in both the 
tested substrates. The exception was the G5 clones, which had significantly higher numbers of 
branches at w6 in soil (3 ± 0.6) and in 1S : 2V (3 ± 0.8) than at w0 (1 ± 0.2). For each tested 
genotype, there were similar numbers of branches between the clones kept in soil and 1S:2V.  
 
At the start of acclimatisation (w0), the clones of G15 (20 ± 1.9) had a significantly higher 
number of leaves than the clones of G5 (12 ± 1.5), G20 (12 ± 1.6), G35 (10 ± 1.4), G43 (13 ± 
1.6), G45 (8 ± 0.6) and G50 (8 ± 1.7). After growing for 6 weeks (w6) in soil, the number of 
leaves of the G15 (25 ± 4.1) clones was significantly higher than those of the G20 (12 ± 1.0), 
G35 (11 ± 2.1), G45 (9 ± 1.3) and G50 (10 ± 2.4) clones. In 1S : 2V, the G5 (21 ± 3.7), G15 
(22 ± 5.6) and G20 (22 ± 2.1) clone’s leaf numbers were significantly higher than those of the 
G35 (10 ± 0.4), G45 (11 ± 1.3) and G50 (9 ± 0.5) clones. In soil, the number of leaves of each 
genotype did not change significantly between w0 and w6. In 1S : 2V, the G5 and G20 clones 
(21 ± 3.7 and 22 ± 2.1, respectively) had significantly higher numbers of leaves at w6 than at 
w0 (12 ± 1.5 and 12 ± 1.6, respectively). At w6, the number of leaves of the G20 clones was 
significantly higher in 1S : 2V (22 ± 2.1) than in soil (12 ± 1.0). 
 
Shoot and root lengths 
Prior to acclimatisation (w0), no significant differences were found amongst the clones of the 
tested genotypes regarding shoot length (Table 13). At w6 in soil, the shoots of the G5 (90 ± 
10.4 mm) clones were significantly the shortest. In 1S : 2V, the G5 (143 ± 8.5 mm), G15 (147 
± 11.6 mm), G20 (175± 15.0 mm), G35 (152 ± 9.2 mm), G43 (145 ± 9.4  mm) and G50 (144± 
9.5 mm) clones’ shoots were significantly longer than those of the G6 (103 ± 9.1 mm) and G45 
(116± 8.9 mm) clones. When grown in soil, the G15, G20, G35, G43, G45 and G50 clones had 
significantly longer shoots at w6 than at w0 (Table 13). In 1S : 2V, except for the G6 clones, 
the shoots of all the tested genotypes were significantly longer at w6 than at w0. After 6 weeks 
of growth, the G5 clones had significantly longer shoots in 1S : 2V (143 ± 8.5 mm) than in soil 
(90 ± 10.4 mm).  
 
In both soil and 1S : 2V, the roots of all of the cloned genotypes were significantly longer w6 
than at w0 (Table 13). At w0, the G6 (53 ± 3.8 mm) and G20 (51 ± 6.7 mm) clones had 





Table 12: The number of branches and leaves of clones of the selected Solanum nigrum genotypes at the start of acclimatisation (w0) and after 6 weeks ex vitro 
growth (which included 2 weeks acclimatisation) (w6) in either soil or 1 soil : 2 vermiculite (1S : 2V). Data were analysed using a one-way ANOVA and a post-
hoc Tukey test (mean ± SE, p ≤ 0.05; n=8). Different uppercase letters denote a statistical significance for acclimatisation time and substrate type at w0, w6 
(soil) and w6 (1S : 2V) for each genotype for each parameter and different lowercase letters denote a statistical significance amongst genotypes for each 
parameter at each acclimatisation time (i.e. within columns). w0 = end of rooting and start of acclimatisation, w6 soil = maintained ex vitro for 6 weeks in soil 
(which included 2 weeks acclimatisation), w6 1S : 2V = maintained ex vitro for 6 weeks in 1 soil : 2 vermiculite (which included 2 weeks acclimatisation)  
Genotype 
Number of branches  Number of leaves 
w0 w6 soil w6 1S : 2V  w0 w6 soil w6 1S : 2V 
G5 1±0.2Ba 3±0.6Aa 3±0.8Aab  12±1.5Bb 15±2.9ABab 21±3.7Aa 
G6 2±0.4Aa 3±1.0Aa 3±0.5Aab  15±2.5Aab 17±2.6Aab 13±1.9Aab 
G15 3±0.3Aa 3±0.7Aa 4±1.1Aa  20±1.9Aa 25±4.1Aa 22±5.6Aa 
G20 2±0.3Aa 2±0.3Aa 3±0.4Aab  12±1.6Bb 12±1.0Bb 22±2.1Aa 
G35 2±0.3Aa 2±0.4Aa 1±0.0Ab  10±1.4Ab 11±2.1Ab 10±0.4Ab 
G43 2±0.3Aa 2±0.5Aa 1±0.3Ab  13±1.6Ab 16±3.1Aab 13±1.6Aab 
G45 1±0.2Aa 1±0.1Aa 1±0.1Ab  8±0.6Ab 9±1.3Ab 11±1.3Ab 










Table 13: The shoot and root lengths of clones of the selected Solanum nigrum genotypes at the start of acclimatisation (w0) and after 6 weeks ex vitro growth 
(which included 2 weeks acclimatisation) (w6) in either soil or 1 soil : 2 vermiculite (1S : 2V). Data were analysed using a one-way ANOVA and a post-hoc 
Tukey test (mean ± SE, p ≤ 0.05; n=8). Different uppercase letters denote a statistical significance for acclimatisation time and substrate type at w0, w6 (soil) 
and w6 (1S : 2V) for each genotype for each parameter and different lowercase letters denote a statistical significance amongst genotypes for each parameter at 
each acclimatisation time (i.e. within columns). w0 = end of rooting and start of acclimatisation, w6 soil = maintained ex vitro for 6 weeks in soil (which included 
2 weeks acclimatisation), w6 1S : 2V = maintained ex vitro for 6 weeks in 1 soil : 2 vermiculite (which included 2 weeks acclimatisation) 
Genotype 
Shoot length (mm)  Root length (mm) 
w0 w6 soil w6 1S : 2V  w0 w6 soil w6 1S : 2V 
G5 79±7.8Ba 90±10.4Bb 143±8.5Aa  43±5.2Cab 204±30.7Ba 391±46.1Aa 
G6 84±8.9Aa 112±6.1Aab 103±9.1Ab  53±3.8Ba 214±26.6Aa 261±28.1Aab 
G15 88±7.9Ba 143±10.1Aa 147±11.6Aa  41±3.6Bab 195±34.7Aa 240±19.8Ab 
G20 85±10.6Ba 153±18.5Aa 175±15.0Aa  51±6.7Ca 221±30.5Ba 359±52.5Aab 
G35 66±10.6Ba 142±13.4Aa 152±9.2Aa  36±4.2Cab 192±21.8Ba 322±45.3Aab 
G43 80±8.8Ba 140±27.4Aa 145±9.4Aa  30±1.2Cb 190±33.0Ba 290±23.0Aab 
G45 69±11.9Ba 140±13.1Aa 116±8.9Ab  34±5.2Cab 208±13.6Ba 273±18.7Aab 
G50 63±7.8Ba 113±12.1Aab 144±9.5Aa  33±5.2Cab 213±32.9Ba 294±14.2Aab 
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(w6) in soil, there were no significant differences amongst the tested genotypes regarding root 
length (Table 13). However, in 1S : 2V, the clones of G5 (391 ± 46.1 mm) had significantly 
longer roots than the clones of G15 (240 ± 19.8 mm). When grown for 6 weeks ex vitro (w6), 
the roots of the G5 (391 ± 46.1 mm), G20 (359 ± 52.5 mm), G35 (322 ± 45.3 mm), G43 (290 
± 23.0 mm), G45 (273 ± 18.7 mm) and G50 (294 ± 14.2 mm) clones were significantly longer 
in 1S : 2V than in soil (204 ± 30.7, 221 ± 30.5, 192 ± 21.8, 190 ± 33.0, 208 ± 13.6 and 213 ± 
32.9 mm, respectively). 
 
Shoot and root fresh masses  
At w0, the shoot fresh mass of the G15 (0.7 ± 0.0 g) clones was significantly greater than that 
of the G5 (0.4 ± 0.1 g), G20 (0.4 ± 0.1 g), G35 (0.2 ± 0.1 g), G43 (0.2 ± 0.1 g) and G45 (0.4 ± 
0.1 g) clones (Table 14). After 6 weeks (w6) growth in soil, there were no significant differences 
amongst the cloned genotypes in terms of their shoot fresh mass (Table 14). However, under 
1S : 2V conditions, the shoot fresh mass of the G20 (2.7 ± 0.2 g) clones was significantly higher 
than those of the other tested genotypes (1.1-1.8 g). In soil, the shoot fresh masses of the G35, 
G43, G45 and G50 clones were significantly greater at w6 (1.5 ± 0.4, 1.8 ± 0.6, 1.5 ± 0.3, 1.3 
± 0.3 g, respectively) than at w0 (0.2 ± 0.1, 0.2 ± 0.1, 0.4 ± 0.1, 0.5 ± 0.1 g, respectively) (Table 
14). In 1S : 2V, most of the tested genotypes had significantly greater shoot fresh masses at w6 
than at w0. The exceptions were the shoot fresh masses of the G6 and G15 clones, which were 
the same between w0 and w6. At w6, the clones of G5 and G20 had significantly greater shoot 
fresh masses in 1S : 2V (1.7 ± 0.1 and 2.7 ± 0.2 g, respectively) than in soil (0.8 ± 0.2 and 1.2 
± 0.3 g, respectively).  
 
At w0, the root fresh mass of the G15 (0.6 ± 0.2 g) clones was significantly greater than that of 
the G43 (0.1 ± 0.0 g) clones. When grown in soil for 6 weeks (w6), the G6 (3.9 ± 1.3 g), G15 
(2.3 ± 0.5 g), G20 (2.2 ± 0.6 g), G43 (2.7 ± 0.4 g) and G45 (2.7 ± 0.6 g) clones’ root fresh 
masses were significantly greater than that of the G5 (0.6 ± 0.2 g) clones. Under 1S : 2V  
conditions, the clones of G20 (6.3 ± 0.8 g) had significantly the highest root fresh mass. In both 
substrates, the root fresh masses of each of the tested genotypes were significantly greater at 
w6 than at w0. The only exception was G5 clones in soil, which had the same root fresh mass 
between w0 and w6 (Table 14). At w6, the G5 and G20 clones’ root fresh masses were 
significantly greater in 1S : 2V (4.4 ± 0.8 and 6.3 ± 0.8 g, respectively) than in soil (0.6 ± 0.2 








Table 14: The shoot and root fresh masses of clones of the selected Solanum nigrum genotypes at the start of acclimatisation (w0) and after 6 weeks ex vitro 
growth (which included 2 weeks acclimatisation) (w6) in either soil or 1 soil : 2 vermiculite (1S : 2V). Data were analysed using a one-way ANOVA and a post-
hoc Tukey test (mean ± SE, p ≤ 0.05; n=8). Different uppercase letters denote a statistical significance for acclimatisation time and substrate type at w0, w6 
(soil) and w6 (1S : 2V) for each genotype for each parameter and different lowercase letters denote a statistical significance amongst genotypes for each 
parameter at each acclimatisation time (i.e. within columns). w0 = end of rooting and start of acclimatisation, w6 soil = maintained ex vitro for 6 weeks in soil 
(which included 2 weeks acclimatisation), w6 1S : 2V = maintained ex vitro for 6 weeks in 1 soil : 2 vermiculite (which included 2 weeks acclimatisation) 
Genotype 




w0 w6 soil w6 1S : 2V w0 w6 soil w6 1S : 2V 
G5 0.4±0.1Bb 0.8±0.2Ba 1.7±0.1Ab  0.5±0.1Bab 0.6±0.2Bb 4.4±0.8Aab 
G6 0.6±0.1Aab 1.4±0.5Aa 1.1±0.1Ab  0.3±0.1Bab 3.9±1.3Aa 2.3±0.3Abc 
G15 0.7±0.0Aa 1.1±0.2Aa 1.1±0.1Ab  0.6±0.2Ba 2.3±0.5Aa 3.8±0.8Aac 
G20 0.4±0.1Bb 1.2±0.3Ba 2.7±0.2Aa  0.3±0.1Cab 2.2±0.6Ba 6.3±0.8Aa 
G35 0.2±0.1Bb 1.5±0.4Aa 1.5±0.1Ab  0.2±0.1Bab 2.0±0.7Aab 3.0±0.5Abc 
G43 0.2±0.1Bb 1.8±0.6Aa 1.6±0.1Ab  0.1±0.0Bb 2.7±0.4Aa 2.8±0.5Abc 
G45 0.4±0.1Bb 1.5±0.3Aa 1.2±0.1Ab  0.3±0.1Bab 2.7±0.6Aa 1.6±0.3Ac 





Shoot and root dry masses  
In both substrate types, the clones of each tested genotype grew well over the 6 week ex vitro 
(w6) growth period, as the dry masses of their shoots were significantly higher at this point in 
time than at w0 (Table 15). At w0, the shoot dry masses of the cloned genotypes were not 
significantly different amongst each other (Table 15). However, at w6 in soil, that of the G50 
(0.4 ± 0.1 g) was significantly greater than that of the G5 (0.1 ± 0.0 g) clones. In 1S : 2V, the 
shoot dry mass of the G20 (0.5 ± 0.0 g) clones was significantly greater than those of the clones 
of the all other tested genotypes (0.2-0.3 g). At w6, the G20 clones had a significantly greater 
shoot dry mass in 1S : 2V (0.5 ± 0.0 g) than in soil (2.0 ± 0.0 g).  
 
As expected, for each tested genotype, their root dry masses were significantly greater at w6 
(irrespective of substrate type) than at w0. At w0 and at w6 in soil, there were no significant 
differences in the root dry masses amongst the tested genotypes (Table 15). At w6, under 1S : 
2V conditions, the clones of G20 (0.7 ± 0.1 g) had a significantly greater root dry mass than 
the clones of G6 (0.1 ± 0.1 g), G43 (0.1 ± 0.1 g), G45 (0.1 ± 0.1 g) and G50 (0.2 ± 0.1 g). At 
w6, the clones of some of the tested genotypes (i.e. G6, G43 and G45) had significantly greater 
root dry masses when kept in soil (0.8 ± 0.3, 0.6 ± 0.2 and 0.6 ± 0.2 g, respectively) than when 
grown in 1S : 2V (0.1 ± 0.1, 0.1 ± 0.1 and 0.1 ± 0.1 g, respectively). However, the G20 clone’s 
root dry mass was significantly greater in 1S : 2V (0.7 ± 0.1 g) than in soil (0.4 ± 0.1 g). 
 
Root:shoot dry masses  
At w0 and at w6 in soil, the root:shoot dry masses of the tested genotypes were not significantly 
different amongst each other (Table 16). At w6 in 1S : 2V, the clones of G15 (3.0 ± 0.5) had a 
significantly greater root:shoot dry mass than the clones of G6 (0.7 ± 0.2), G43 (0.9 ± 0.4), 
G45 (0.9 ±0.4) and G50 (0.9 ± 0.3). In soil, the G6 and G15 clones had significantly greater 
root:shoot dry masses at w6 (3.2 ± 0.7 and 3.3 ± 1.0, respectively) than at w0 (0.9 ± 0.2 and 0.8 
± 0.2, respectively). Under 1S : 2V conditions, except for the clones of G15, there were no 
significant differences in the root:shoot dry masses of each of the other genotypes between w0 
and w6 (Table 16).  At w6, the root:shoot dry masses of the G6 clones was significantly greater 





Table 15: The shoot and root dry masses of clones of the selected Solanum nigrum genotypes at the start of acclimatisation and after 6 weeks ex vitro growth 
(which included 2 weeks acclimatisation) (w6) in either soil or 1 soil : 2 vermiculite (1S : 2V). Data were analysed using a one-way ANOVA and a post-hoc 
Tukey test (mean ± SE, p ≤ 0.05; n=8). Different uppercase letters denote a statistical significance for acclimatisation time and substrate type at w0, w6 (soil) 
and w6 (1S : 2V) for each genotype for each parameter and different lowercase letters denote a statistical significance amongst genotypes for each parameter at 
each acclimatisation time (i.e. within columns). w0 = end of rooting and start of acclimatisation, w6 soil = maintained ex vitro for 6 weeks in soil (which included 
2 weeks acclimatisation), w6 1S : 2V = maintained ex vitro for 6 weeks in 1 soil : 2 vermiculite (which included 2 weeks acclimatisation) 
Genotype 
Dry mass (g) 
Shoots  Roots 
w0 w6 soil w6 1S : 2V  w0 w6 soil w6 1S : 2V 
G5 0.04±0.01Ba 0.1±0.0Ab 0.3±0.0Ab  0.06±0.01Ba 0.4±0.2Aa 0.5±0.1Aab 
G6 0.06±0.01Ba 0.2±0.0Aab 0.2±0.0Ab  0.04±0.01Ca 0.8±0.3Aa 0.1±0.1Bc 
G15 0.07±0.00Ba 0.2±0.0Aab 0.2±0.0Ab  0.06±0.01Ba 0.7±0.2Aa 0.5±0.2Aac 
G20 0.04±0.01Ca 0.2±0.0Bab 0.5±0.0Aa  0.05±0.01Ca 0.4±0.1Ba 0.7±0.1Aa 
G35 0.07±0.04Ba 0.2±0.1Aab 0.3±0.0Ab  0.04±0.01Ba 0.4±0.1Aa 0.4±0.1Aac 
G43 0.03±0.00Ba 0.3±0.1Aab 0.2±0.0Ab  0.03±0.01Ca 0.6±0.2Aa 0.1±0.1Bc 
G45 0.03±0.00Ba 0.3±0.1Aab 0.2±0.0Ab  0.03±0.01Ca 0.6±0.2Aa 0.1±0.1Bc 




Table 16: The root:shoot dry masses of clones of the selected Solanum nigrum genotypes at the start of 
acclimatisation (w0) and after 6 weeks ex vitro growth (which included 2 weeks acclimatisation) (w6) 
in either soil or 1 soil : 2 vermiculite (1S : 2V). Data were analysed using a one-way ANOVA and a 
post-hoc Tukey test (mean ± SE, p ≤ 0.05; n=8). Different uppercase letters indicate a statistical 
significance for acclimatisation time and substrate type at w0, w6 (soil) and w6 (1S : 2V) for each 
genotype and different lowercase letters denote a statistical significance amongst genotypes for each 
parameter at each acclimatisation time (i.e. within columns). w0 = end of rooting and start of 
acclimatisation, w6 soil = maintained ex vitro for 6 weeks in soil (which included 2 weeks 




w0 w6 soil w6 1S : 2V 
G5 1.8±0.5Aa 2.0±0.6Aa 1.7±0.3Aab 
G6 0.9±0.2Ba 3.2±0.7Aa 0.7±0.2Bb 
G15 0.8±0.2Ba 3.3±1.0Aa 3.0±0.5Aa 
G20 1.3±0.3Aa 2.1±0.3Aa 1.6±0.2Aab 
G35 1.4±0.5Aa 1.9±0.3Aa 1.6±0.5Aab 
G43 1.5±0.5Aa 2.2±0.6Aa 0.9±0.4Ab 
G45 1.5±0.5Aa 2.2±0.6Aa 0.9±0.4Ab 






In conclusion, at the start of acclimatisation (w0) and after 6 weeks of ex vitro growth (w6) in 
soil and in 1S : 2V, there was some variation amongst the tested genotypes with regards to the 
tested growth parameters (viz. number of branches and leaves, shoot and root lengths and fresh 
and dry masses and root:shoot dry masses). More genotypes were significantly affected by 
substrate with regards to their root parameters than their shoot parameters. The genotypes that 
had the most plasticity in terms of their shoot and root growth in the two tested substrates were 




4.4.4 Leaf calcium and iron content of the clones of the selected genotypes and their 
parents 
The main objective of the present study was to compare the leaf Ca and Fe levels of the cloned 
genotypes, in soil and in  1 soil : 2 vermiculite (1S : 2V), to each other and to that of the parent 
genotype. The genotypes used in this experiment contained either high Ca (G5 and G20), high 
Fe (G6 and G15), low Ca (G43 and G45) or low Fe (G35 and G50). The cloned genotypes were 
kept in soil or 1S : 2V for 6 weeks (which included 2 weeks acclimatisation) and the parent 
genotype was grown in soil for 6 weeks. The leaves of S. nigrum are usually harvested and 
eaten when the plants reach maturity, i.e. when the plants begin to flower (Jimoh et al., 2010). 
Six weeks of growth were chosen in the present study because the parent genotypes and their 
clones began to flower (reached maturity) then. 
 
When grown in soil, the levels of Ca were not significantly different amongst the clones of the 
tested genotypes (Figure 10 A).  However, in 1S : 2V, the clones of G20 (875 ± 52 mg 100 g-1 
dry mass [DM]) had a significantly higher level of Ca than the G45 (619 ± 67 mg 100 g-1 DM) 
clones.  In terms of Fe content, when grown in soil, the G50 clones had significantly higher Fe 
(10 ± 1.5 mg 100 g-1 DM) than the G35 (5 ± 1.1 mg 100 g-1 DM) clones (Figure 10 B). Under 
1S : 2V conditions, the levels of Fe were not significantly different amongst the tested 
genotypes (Figure 10 B). 
 
The type of tested substrate did not affect the Ca levels of the G43 and G45 clones and the Fe 
contents of the G6, G15 and G35 clones. However, it did affect the Ca contents of the G5 and 
the G20 clones, which were significantly higher in 1S : 2V (811 ± 66 and 875 ± 52 mg 100 g-
1 DM, respectively) than in soil (437 ± 113 and 332 ± 62 mg 100 g-1 DM, respectively). The 
clones of G50 were also affected by substrate and had a significantly higher concentration of 
Fe in soil (10 ± 1.5 mg 100 g-1 DM) than in 1S : 2V (5 ± 1.0 mg 100 g-1 DM). 
 
When grown in soil, only the clones of G43 had the same level of Ca as its parent. The G5 (437 
± 113 mg 100 g-1 DM) and the G20 (332 ± 62 mg 100 g-1 DM) clones had significantly lower 
Ca contents and the G45 clones significantly higher levels (533 ± 36 mg 100 g-1 DM) than their 
parent genotypes (916 ± 6 mg 100 g-1 DM for G5, 865 ± 5 mg 100 g-1 DM for G20 and 333 ± 







Figure 10: Comparison of Ca (A) and Fe (B) contents (mg 100 g-1 DM) amongst the clones of the selected genotypes (G) of Solanum nigrum, grown in soil and 
1 soil : 2 vermiculite (1S : 2V), and the parent genotype. Leaf Ca and Fe contents of the parent genotypes were determined 6 weeks after germination and those 
of their clones were determined 6 weeks ex vitro (which included 2 weeks acclimatisation). Data were analysed using a one-way ANOVA and a post hoc Tukey 
test (mean ± SE, p ≤ 0.05, n=3). Different uppercase letters indicate a statistical significance within a genotype. Different lowercase letters indicate a statistical 
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Fe levels of the G6 (8 ± 1.8 mg 100 g-1 DM) and G15 (6 ± 1.2 mg 100 g-1 DM) clones were 
significantly lower and that of the G50 (10 ± 1.5 mg 100 g-1 DM) clones was ten times higher 
than their parents (15 ± 0.1 mg 100 g-1 DM for G6, 15 ± 0.1 mg 100 g-1 DM for G15 and 1 ± 
0.3 mg 100 g-1 DM for G50).  
 
Under 1S : 2V conditions, the Ca levels of the G5 and G20 clones and the Fe content of the 
G35 clones were the same as their respective parents. In terms of Ca contents, those of the 
clones of G43 and G45 were significantly higher (768 ± 16 and 619 ± 67 mg 100 g-1 DM, 
respectively) than their parents (331 ± 29 mg 100 g- 1 DM for G43 and 333 ± 4 mg 100 g-1 DM 
for G45). With regards to the Fe contents, those of the G6 (4 ± 0.8 mg 100 g-1 DM) and G15 (5 
± 0.8 mg 100 g-1 DM) clones were significantly lower than their parents (15 ± 0.1 mg 100 g-1 
DM for G6 and 15 ± 0.1 mg 100 g-1 DM for G15). The level of Fe of G50 was five times higher 
in the clones (5 ± 1.0 mg 100 g-1 DM) than in the parent (1 ± 0.3 mg 100 g-1 DM). 
 
The significant differences in the levels of Ca and/or Fe amongst the parent genotypes and their 
clones (as seen in Figure 10) were used to deduce a ‘ranking’ system (Table 17). The established 
‘ranking’ of Ca of the parent genotypes was G5=G20>G43=G45. When maintained in 1S : 2V, 
the clones of G20 had a significantly higher level of Ca than the G45 clones. This trend was 
also recorded for the respective parent genotypes. The ‘ranking’ of the parent genotypes’ leaf 
Fe was G6=G15>G35=G50.  In 1S : 2V, the G50 clones had a significantly higher Fe content 





Table 17: Illustration of the significant differences in the leaf Ca and Fe contents of the parent genotypes 
and their clones that were grown in soil or 1 soil : 2 vermiculite (1S : 2V). Data are as from Figure 10 
and were analysed using a one-way ANOVA (p ≤ 0.05) followed by a post-hoc Tukey test. 
Parent genotype and clones 
Significant difference in  
Ca content 
Significant difference in     
Fe content 
Parent genotypes G5=G20>G43=G45 G6=G15>G35=G50 
Clones of genotypes (Soil) None G50>G35 





As mentioned above, the leaf Ca and Fe contents of the 6-week old seedling parents (viz. G5, 
G6, G15, G20, G35, G43, G45 and G50) were compared with those of their 6-week old ex vitro 
clones that were kept in soil or in 1S : 2V. The results showed that in soil, the Ca content of the 
G43 clones and the Fe level of the G35 clones were the same as their respective parents. 
Similarly, in 1S : 2V, this was recorded for the Ca contents of the G5, G20 and the Fe 
concentration of the G35 parents and their clones. Substrate type influenced the amount of Ca 
in the leaves of the G5 and G20 clones and the Fe content of the G50 clones. 
 
4.5 The effect of physiological age on ex vitro growth and, calcium and iron content of the 
clones of the selected genotypes 
As presented and discussed above (Figure 10 and Table 17), there were some significant 
differences in the Ca and Fe contents of the cloned genotypes when grown in the two substrates 
(i.e. soil and 1 soil : 2 vermiculite [1S : 2V]) and when compared with their respective parents. 
Therefore, a subsequent study was undertaken to evaluate the effects of physiological age and 
substrate type on the ex vitro growth and leaf Ca and Fe levels of four of the eight selected 
genotypes of S. nigrum, viz. G15 (high Fe), G20 (high Ca), G35 (low Fe) and G43 (low Ca). 
The in vitro shoots of these genotypes were micropropagated as per the established protocol 
(section 3.4.2). As mentioned previously (sections 4.3.1 and 4.4.2), the explants began to 
produce visible shoots after 2 weeks on shoot multiplication medium. Two weeks later, the 
greatest percentage explants producing shoots were from G15 (93 ± 6.7 %) and G43 (93 ± 6.7 
%) (Table 18). The shoots of all selected genotypes were elongated to 10-20 mm tall and 
transferred onto hormone-free MS medium for rooting (Table 18), where all (100 %) of them 
rooted. Thereafter, they all survived acclimatisation (Table 18). The highest post-
acclimatisation yield/explant was obtained in G15 (28 ± 1.3), followed by G43 (23 ± 1.0), G20 
(19 ± 1.2), and G35 (18 ± 1.2). Except for the G20 clones, the plant yields of these genotypes 










Table 18: A summary of the effect of the established micropropagation protocol on the shoot 
multiplication, rooting and acclimatisation responses and, the subsequent post-acclimatisation yield of 
four of the selected Solanum nigrum genotypes.  Results for % explants with shoots and number of 
shoots/explant were recorded after 4 weeks, % rooting was recorded after 3 weeks, % survival was 
recorded and yield of plants/explant was calculated after 2 weeks acclimatisation. Data were analysed 
using a one-way ANOVA and a post hoc Tukey test (mean ± SE, p ≤ 0.05, n =10-50). Different 




4.5.1 The effect of physiological age on the ex vitro growth of the selected cloned genotypes  
The number of leaves and, shoot and root fresh and dry masses of the clones of the selected 
genotypes that were grown in soil or in 1 soil : 2 vermiculite (1S : 2V) were recorded at 4, 6 
and 8 weeks ex vitro (which included 2 weeks acclimatisation). As previously stated, 
comparisons of these tested parameters between each parent plant and its clones were not 
performed as recording some of the parameters required harvesting and destroying the parent 
plants. 
 
Number of leaves   
The physiological age (4, 6 and 8 weeks ex vitro) of the G15 clones grown in both substrates 
and the G20 clones in soil had no significant effect on their numbers of leaves (Table 19). 
However, in 1S : 2V, the number of leaves of the G20 clones was significantly higher at 8 (25 
± 1.2) than at 4 (17 ± 1.9) and 6 (18 ± 0.6) weeks. The clones of G35 that were grown in both 
soil and 1S : 2V, had significantly higher leaf numbers at 8 (22 ± 2.6 and 22 ± 2.6, respectively) 
than at 4 (12 ± 1.5 and 12 ± 0.7, respectively) and 6 (15 ± 1.5 and 14 ± 0.7, respectively) weeks. 
In soil and 1S : 2V, the leaf numbers of the G43 clones were significantly higher at 6 (16 ± 0.5 
Genotype 










 % Survival 
G15 93±6.7a 35±1.6a  100±0.0a  100±0.0a 28±1.3a 
G20 67±6.7b 32±2.0ab  100±0.0a  100±0.0a 19±1.2c 
G35 67±6.7b 31±2.0ab  100±0.0a  100±0.0a 18±1.2c 






Table 19: The number of leaves of the clones of the selected Solanum nigrum genotypes over 8 weeks ex vitro growth (which included 2 weeks acclimatisation). 
Data were analysed using a one-way ANOVA and a post-hoc Tukey test (mean ± SE, p ≤ 0.05; n=3) and analysed between soil and 1 soil : 2 vermiculite (1S : 
2V) for each genotype at each week using an unpaired t-test (mean ± SE, p ≤ 0.05, n=3). The interactions amongst genotype, physiological age and substrate 
type were analysed using a three-way ANOVA (F value, p ≤ 0.05, n=3). Different uppercase letters denote a statistical significance for individual genotypes 
amongst sampling times for each substrate type; different lowercase letters denote a statistical significance amongst genotypes for each substrate type at each 
week (within a column); z denotes a statistical significance between soil and 1S : 2V for each genotype at each week. * denotes a statistical significance, NS 
denotes no statistical significance for each interaction. 
Genotype 
Number of leaves 
4 weeks  6 weeks  8 weeks 
Soil  1S : 2V  Soil  1S : 2V  Soil  1S : 2V 
G15 13±0.3Ab 17±2.0Aa  13±1.9Ab 17±2.6Aa  20±3.2Aa 20±0.3Aab 
G20 23±1.5Aa 17±1.9Ba  23±2.6Aa 18±0.6Ba  23±3.0Aa 25±1.2Aa 
G35 12±1.5Bb 12±0.7Ba  15±1.5Bb 14±0.7Ba  22±2.6Aa 22±2.6Aa 
G43 9±0.3Bb 12±0.7Baz  16±0.5Ab 15±0.9Aa  16±0.0Aa 16±0.7Ab 
Genotype x Physiological age 3.766* 
 
Genotype x Substrate type 3.992* 
Physiological age x Substrate type 0.548NS 





and 15 ± 0.9, respectively) and 8 (16 ± 0.0 and 16 ± 0.7, respectively) than at 4 (9 ± 0.3 and 12 
± 0.7, respectively) weeks. 
 
Amongst the clones of the selected genotypes, there were some significant differences in the 
numbers of leaves at each tested physiological age (i.e. at 4, at 6 and at 8 weeks ex vitro) in 
both soil and 1S : 2V. After 4 and 6 weeks of ex vitro growth in soil, the G20 clones had 
significantly higher numbers of leaves (23 ± 1.5 at 4 and 23 ± 2.6 at 6 weeks) than the clones 
of the other tested genotypes (9-13 at 4 and 13-16 at 6 weeks) (Table 19). However, after 
growing under the same conditions (i.e. soil) for 8 weeks, there were no significant differences 
in the number of leaves amongst the clones of the selected genotypes. In 1S : 2V, there were 
similar numbers of leaves amongst the clones at 4 and at 6 weeks ex vitro (Table 19). At 8 
weeks in 1S : 2V, the clones of G20 and G35 had significantly higher numbers of leaves (25 ± 
1.2 and 22 ± 2.6, respectively) than the clones of G43 (16 ± 0.7). Except for the G43 clones at 
4 weeks (9 ± 0.3 in soil and 12 ± 0.7 in 1S : 2V), the numbers of leaves of the clones of the 
tested genotypes were not influenced by substrate type (Table 19).  
 
Further statistical analyses of the data (Table 19) showed that the numbers of leaves amongst 
the clones of the selected genotypes were significantly affected by the genotype x physiological 
age (p ≤ 0.05) and genotype x substrate type (p ≤ 0.05) interactions. This indicates that the 
number of leaves of clones of each genotype was affected by the tested physiological ages and 
the two substrate types.  
 
Fresh and dry masses of shoots 
The physiological age of the G15 clones had no effect on their shoot fresh masses over the 8 
week growth period, irrespective of the substrate in which they were grown (Table 20). In soil, 
the shoot fresh mass of the G20 clones was significantly greater at 8 (3.0 ± 0.3 g) than at 4 (1.5 
± 0.1 g) weeks; however, when kept in 1S : 2V, there were no changes in their fresh masses 
during the 8 weeks of ex vitro growth. When grown in soil, the shoot fresh masses of the G35 
clones did not change significantly over time but those of the clones in 1S : 2V were 
significantly different to each other at 4 (1.1 ± 0.1 g), 6 (1.8 ± 0.1 g) and 8 (2.4 ± 0.2 g) weeks. 
After growing in soil and in 1S : 2V, the shoot fresh masses of the G43 clones were significantly 
greater at 8 (1.8 ± 0.1 and 2.9 ± 0.2 g, respectively) than at 4 (1.0 ± 0.2 and 1.8 ± 0.1 g, 





Table 20: The shoot fresh mass (g) of the clones of the selected Solanum nigrum genotypes over 8 weeks ex vitro growth (which included 2 weeks 
acclimatisation).  Data were analysed using a one-way ANOVA and a post-hoc Tukey test (mean ± SE, p ≤ 0.05; n=3) and analysed between soil and 1 soil : 2 
vermiculite (1S : 2V) for each genotype at each week using an unpaired t-test (mean ± SE, p ≤ 0.05, n=3). The interactions amongst genotype, physiological 
age and substrate type were analysed using a three-way ANOVA (F value, p ≤ 0.05, n=3). Different uppercase letters denote a statistical significance for 
individual genotypes amongst sampling times for each substrate type; different lowercase letters denote a statistical significance amongst genotypes for each 
substrate type at each week (within a column); z denotes a statistical significance between soil and 1S : 2V for each genotype at each week. * denotes a statistical 
significance, NS denotes no statistical significance for each interaction. 
Genotype 
Shoot Fresh Mass (g) 
4 weeks  6 weeks  8 weeks 
Soil  1S : 2V  Soil  1S : 2V  Soil  1S : 2V 
G15 1.8±0.2Aa 1.6±0.2Aa  2.2±0.1Aa 2.2±0.2Aa  2.1±0.1Ab 2.0±0.4Aa 
G20 1.5±0.1Ba 1.7±0.0Aa  2.1±0.2ABa 1.9±0.2Aa  3.0±0.3Aa 2.2±0.1Aa 
G35 1.6±0.2Aa 1.1±0.1Cb  1.7±0.2Aa 1.8±0.1Ba  1.5±0.2Ab 2.4±0.2Aaz 
G43 1.0±0.2Ba 1.8±0.1Baz  1.0±0.0Bb 2.1±0.1Baz  1.8±0.1Ab 2.9±0.2Aaz 
Genotype x Physiological age 3.406* 
 
Genotype x Substrate type 15.080* 
Physiological age x Substrate type 1.078NS 





The differences in shoot fresh masses amongst the genotypes were assessed at each tested 
physiological age. At 4 weeks in soil, there were no significant differences in the shoot fresh 
masses of the selected cloned genotypes (Table 20). However, after 4 weeks in 1S : 2V, the 
shoot fresh masses of the G15 (1.6 ± 0.2 g), G20 (1.7 ± 0.0 g) and G43 (1.8 ± 0.1 g) clones 
were significantly greater than that of the G35 (1.1 ± 0.1 g) clones. When grown under soil 
conditions for 6 weeks, the G15 (2.2 ± 0.1 g), G20 (2.1 ± 0.2 g) and G35 (1.7 ± 0.2 g) clones 
had significantly greater shoot fresh masses than the G43 (1.0 ± 0.0 g) clones. By 8 weeks, that  
of the clones of G20 (3.0 ± 0.3 g) was significantly higher than those of the clones of G15 (2.1 
± 0.1 g), G35 (1.5 ± 0.2 g) and G43 (1.8 ± 0.1 g). However, at 6 and 8 weeks in 1S : 2V, there  
were no significant differences in the shoot fresh masses amongst the clones of the selected 
genotypes.  
 
Regarding the effect of substrate type on shoot fresh mass, that of the G43 clones was 
significantly higher in 1S : 2V (1.8 ± 0.1 at 4, 2.1 ± 0.1 at 6 and 2.9 ± 0.2 g at 8 weeks) than in 
soil (1.0 ± 0.2 at 4, 1.0 ± 0.0 at 6 and 1.8 ± 0.1 g at 8 weeks). At 8 weeks, the shoot fresh mass 
of the G35 clones was significantly greater in 1S : 2V (2.4 ± 0.2 g) than in soil (1.5 ± 0.2 g).  
 
The shoot fresh masses of the clones of the selected genotypes were significantly affected by 
the genotype x physiological age (p ≤ 0.05), genotype x substrate type (p ≤ 0.05) and genotype 
x physiological age x substrate type (p ≤ 0.05) interactions. Therefore, in each of the two 
substrates, the clones of each genotype displayed different shoot fresh masses at the various 
tested physiological ages.  
 
In terms of shoot dry mass, those of the G15 clones, grown in both soil and 1S : 2V, were 
significantly greater at 8 (0.43 ± 0.03 and 0.43 ± 0.06 g, respectively) than at 4 (0.14 ± 0.01 
and 0.14 ± 0.0 g, respectively) and 6 (0.23 ± 0.02 and 0.28 ± 0.03 g, respectively) weeks (Table 
21). When kept in soil, the shoot dry mass of the G20 clones was significantly greater at 6 (0.36 
± 0.07 g) and 8 (0.47 ± 0.04 g) than at 4 (0.13 ± 0.0 g) weeks. Under the same conditions (i.e. 
soil), the clones of G35 and G43 had significantly greater shoot dry masses at 8 (0.33 ± 0.04 
and 0.33 ± 0.03 g, respectively) than at 4 (0.13 ± 0.01 and 0.13 ± 0.01 g, respectively) and 6 
(0.19 ± 0.02 and 0.16 ± 0.0 g, respectively) weeks. When grown in 1S : 2V, the G20 and G35 
clone’s shoot dry masses did not significantly change, regardless of their physiological age 
(Table 21). The G43 clones that were kept in 1S : 2V had significantly greater shoot dry masses 






Table 21: The shoot dry mass (g) of the clones of the selected Solanum nigrum genotypes over 8 weeks ex vitro growth (which included 2 weeks acclimatisation). 
Data were analysed using a one-way ANOVA and a post-hoc Tukey test (mean ± SE, p ≤ 0.05; n=3) and analysed between soil and 1 soil : 2 vermiculite (1S : 
2V) for each genotype at each week using an unpaired t-test (mean ± SE, p ≤ 0.05, n=3). The interactions amongst genotype, physiological age and substrate 
type were analysed using a three-way ANOVA (F value, p ≤ 0.05, n=3). Different uppercase letters denote a statistical significance for individual genotypes 
amongst sampling times for each substrate type; different lowercase letters denote a statistical significance amongst genotypes for each substrate type at each 
week (within a column); z denotes a statistical significance between soil and 1S : 2V for each genotype at each week. * denotes a statistical significance, NS 
denotes no statistical significance for each interaction. 
Genotype 
Shoot Dry Mass (g) 
4 weeks  6 weeks  8 weeks 
Soil  1S : 2V  Soil  1S : 2V  Soil  1S : 2V 
G15 0.14±0.01Ca 0.14±0.00Ca  0.23±0.02Bab 0.28±0.03Bb  0.43±0.03Aa 0.43±0.06Aab 
G20 0.13±0.0Ba 0.25±0.08Aa  0.36±0.07Aa 0.30±0.04Aab  0.47±0.04Aaz 0.35±0.02Abc 
G35 0.13±0.01Ba 0.17±0.02Aa  0.19±0.02Bb 0.26±0.04Ab  0.33±0.04Aaz 0.24±0.02Ac 
G43 0.13±0.01Ba 0.24±0.02Baz  0.16±0.0Bb 0.45±0.04Aaz  0.33±0.03Aa 0.52±0.02Aaz 
Genotype x Physiological age 1.626NS 
 
Genotype x Substrate type 11.782* 
Physiological age x Substrate type 8.414* 




When grown for 4 weeks in both substrates, there were no significant differences in the shoot 
dry masses amongst the clones of the selected genotypes (G15, G20, G45 and G35) (Table 21). 
After 6 weeks in soil, the G20 (0.36 ± 0.07) clones had a significantly higher shoot dry mass 
than the G35 (0.19 ± 0.02 g) and G43 (0.16 ± 0.0 g) clones. In 1S : 2V, that of the G43 (0.45 ± 
0.04 g) clones was significantly higher than those of the G15 (0.28 ± 0.03 g) and G35 (0.26 ± 
0.04 g) clones. At 8 weeks ex vitro in soil, there were no significant differences in the shoot 
dry masses amongst the clones. When kept in 1S : 2V for 8 weeks, the clones of G43 (0.52 ±  
0.02 g) had a significantly greater shoot dry mass than the clones of G20 (0.35 ± 0.02 g) and 
G35 (0.24 ± 0.02 g). 
 
The effect of substrate type was observed for the shoot dry mass of the G43 clones, which was 
significantly higher when the clones were kept in 1S : 2V (0.24 ± 0.02 g at 4, 0.45 ± 0.04 g at 
6 and 0.52 ± 0.02 g at 8 weeks) than in soil (0.13 ± 0.01 g at 4, 0.16 ± 0.0 g at 6 and 0.33 ± 
0.03 g at 8 weeks) (Table 21). At 8 weeks, the G20 and G35 clones had significantly greater 
shoot dry masses in soil (0.47 ± 0.04 and 0.33 ± 0.04 g, respectively) than in 1S : 2V (0.35 ± 
0.02 and 0.24 ± 0.02 g, respectively).  
 
The shoot dry masses of the selected cloned genotypes were not affected by the genotype x 
physiological age (p ≥ 0.05) interaction (Table 21) but they were significantly affected by the 
genotype x substrate type (p ≤ 0.05), physiological age x substrate type (p ≤ 0.05) and genotype 
x physiological age x substrate type (p ≤ 0.05) interactions. Hence, the shoot dry masses of the 
tested genotypes varied at each tested physiological age in both soil and 1S : 2V.  
 
Fresh and dry masses of roots 
When grown both in soil and in 1S : 2V, the effect of physiological age was observed in the 
root fresh masses of the G15 clones - they were significantly greater at 8 (2.7 ± 0.2 and 3.5 ± 
0.3 g, respectively) than at 4 (1.3 ± 0.1 and 1.3 ± 0.0 g, respectively) and 6 (1.7 ± 0.2 and 2.1 
± 0.3 g, respectively) weeks (Table 22). This was also seen in the root fresh masses of the G20 
clones after growing in both substrate types. When maintained in soil, the G35 clones had 
significantly greater root fresh masses at 6 (2.1 ± 0.1 g) and 8 (2.3 ± 0.2 g) than at 4 (1.4 ± 0.2 
g) weeks. In 1S : 2V, the clones of G35 had a significantly greater root fresh mass at 8 (1.9 ± 
0.0 g) than at 4 (1.3 ± 0.1 g) weeks. The root fresh mass of the G43 clones was not affected by 







Table 22: The root fresh mass (g) of the clones of the selected Solanum nigrum genotypes over 8 weeks ex vitro growth (which included 2 weeks acclimatisation).  
Data were analysed using a one-way ANOVA and a post-hoc Tukey test (mean ± SE, p ≤ 0.05; n=3) and analysed between soil and 1 soil : 2 vermiculite (1S : 
2V) for each genotype at each week using an unpaired t-test (mean ± SE, p ≤ 0.05, n=3). The interactions amongst genotype, physiological age and substrate 
type were analysed using a three-way ANOVA (F value, p ≤ 0.05, n=3). Different uppercase letters denote a statistical significance for individual genotypes 
amongst sampling times for each substrate type; different lowercase letters denote a statistical significance amongst genotypes for each substrate type at each 
week (within a column); z denotes a statistical significance between soil and 1S : 2V for each genotype at each week. * denotes a statistical significance, NS 
denotes no statistical significance for each interaction. 
Genotype 
Root Fresh Mass (g) 
4 weeks  6 weeks  8 weeks 
Soil  1S : 2V  Soil  1S : 2V  Soil  1S : 2V 
G15 1.3±0.1Bb 1.3±0.0Bb  1.7±0.2Bb 2.1±0.3Ba  2.7±0.2Aab 3.5±0.3Aa 
G20 2.0±0.1Baz 1.5±0.1Bb  2.4±0.2Baz 1.7±0.2Ba  3.8±0.5Aaz 2.4±0.1Ab 
G35 1.4±0.2Bb 1.3±0.1Bb  2.1±0.1Aab 1.7±0.2ABa  2.3±0.2Abcz 1.9±0.0Ab 
G43 0.9±0.1Ab 2.5±0.1Aaz  1.0±0.1Ac 2.6±0.4Aaz  1.4±0.2Ac 2.8±0.3Aabz 
Genotype x Physiological age 5.030* 
 
 
Genotype x Substrate type 34.269*  
Physiological age x Substrate type 0.223NS  






After growing for 4 weeks in soil, the root fresh mass of the G20 (2.0 ± 0.1 g) clones was 
significantly greater than those of the G15 (1.3 ± 0.1 g), G35 (1.4 ± 0.2 g) and G43 (0.9 ± 0.1 
g) clones. Under 1S : 2V conditions at 4 weeks, the clones of G43 (2.5 ± 0.1 g) had a 
significantly higher root fresh mass than the clones of G15 (1.3 ± 0.0 g), G20 (1.5 ± 0.1 g) and 
G35 (1.3 ± 0.1 g). When maintained for 6 weeks in soil, the G20 (2.4 ± 0.2 g), G43 (1.0 ± 0.1 
g) and G15 (1.7± 0.2 g) clone’s root fresh masses were significantly different to each other but  
in 1S : 2V, they were not. When kept in soil for 8 weeks, the G20 (3.8 ± 0.5 g) clones had a 
significantly greater root fresh mass than the G35 (2.3 ± 0.2 g) and G43 (1.4 ± 0.2 g) clones.  
However, after growing for 8 weeks in 1S : 2V, the clones of G15 (3.5 ± 0.3) had a significantly 
greater root fresh mass than the clones of G20 (2.4 ± 0.1 g) and G35 (1.9 ± 0.0 g). 
 
The type of substrate affected the root fresh masses of some of the clones of the selected 
genotypes. The clones of G20 had a significantly higher root fresh mass in soil (2.0 ± 0.1 g at 
4, 2.4 ± 0.2 g at 6 and 3.8 ± 0.5 g at 8 weeks) than in 1S : 2V (1.5 ± 0.1 g at 4, 1.7 ± 0.2 g at 6 
and 2.4 ± 0.1 g at 8 weeks) (Table 22). This was also observed in the G35 clones at 8 weeks ex 
vitro. In contrast, the G43 clone’s root fresh mass was significantly higher in 1S : 2V (2.5 ± 
0.1 g at 4, 2.6 ± 0.4 g at 6 and 2.8 ± 0.3 g at 8 weeks) than in soil (0.9 ± 0.1 g at 4, 1.0 ± 0.1 g 
at 6 and 1.4 ± 0.2 g at 8 weeks). 
 
The root fresh masses of the clones of the selected genotypes were significantly affected by the 
genotype x physiological age (p ≤ 0.05), genotype x substrate type (p ≤ 0.05) and genotype x 
physiological age x substrate type (p ≤ 0.05) interactions. Thus, in soil and in 1S : 2V, the root 
fresh masses of the clones of each genotype differed at the different tested physiological ages.  
 
The root dry mass of the G15 clones increased significantly with time (i.e. physiological age) 
in both soil (0.15 ± 0.01 g at 4, 0.16 ± 0.02 g at 6 and 0.28 ± 0.02 g at 8 weeks) and 1S : 2V 
(0.12 ± 0.01 g at 4, 0.20 ± 0.01 g at 6 and 0.37 ± 0.07 g at 8 weeks). This was also recorded for 
the root dry mass of the G20 clones, irrespective of substrate type (Table 23). When grown in 
soil, the root dry mass of the G35 clones also increased with physiological age (0.16 ± 0.03 g 
at 4, 0.18 ± 0.01 g at 6 and 0.31 ± 0.02 g at 8 weeks). However, over the 8 weeks of ex vitro 
growth in 1S:2V, there was no change in the root dry mass of the G35 clones. Similarly, in soil, 
the root dry mass of the G43 clones was not significantly affected by physiological age. 
However, when grown in 1S : 2V, their root dry masses were significantly greater at 6 (0.33 ± 






Table 23: The root dry mass (g) of the clones of the selected Solanum nigrum genotypes over 8 weeks ex vitro growth (which included 2 weeks acclimatisation).  
Data were analysed using a one-way ANOVA and a post-hoc Tukey test (mean ± SE, p ≤ 0.05; n=3) and between soil and 1 soil : 2 vermiculite (1S : 2V) for 
each genotype at each week using an unpaired t-test (mean ± SE, p ≤ 0.05, n=3). The interactions amongst genotype, physiological age and substrate type were 
analysed using a three-way ANOVA (F value, p ≤ 0.05, n=3). Different uppercase letters denote a statistical significance for individual genotypes amongst 
sampling times for each substrate type; different lowercase letters denote a statistical significance amongst genotypes for each substrate type at each week 
(within a column); z denotes a statistical significance between soil and 1S : 2V for each genotype at each week. * denotes a statistical significance, NS denotes 
no statistical significance for each interaction. 
Genotype 
Root Dry Mass (g) 
4 weeks  6 weeks  8 weeks 
Soil  1S : 2V  Soil  1S : 2V  Soil  1S : 2V 
G15 0.15±0.01Bb 0.12±0.01Ca  0.16±0.02Bb 0.20±0.01Bb  0.28±0.02Aab 0.37±0.07Aa 
G20 0.20±0.00Ba 0.16±0.02Ba  0.24±0.01Ba 0.19±0.02Bb  0.43±0.10Aa 0.32±0.01Aa 
G35 0.16±0.03Bab 0.14±0.01Aa  0.18±0.01Bab 0.20±0.02Ab  0.31±0.02Aabz 0.19±0.04Ab 
G43 0.14±0.01Ab 0.19±0.02Ba  0.14±0.01Ab 0.33±0.03Aaz  0.16±0.04Ab 0.37±0.03Aaz 




Genotype x Substrate type 19.101*  
Physiological age x Substrate type 1.866
NS  





At both 4 and 6 weeks in soil, the clones of G20 (0.20 ± 0.0 and 0.24 ± 0.01 g, respectively) 
had a significantly greater root dry mass than the G15 (0.15 ± 0.01 and 0.16 ± 0.02 g, 
respectively) and G43 (0.14 ± 0.01 and 0.14 ± 0.01 g, respectively) clones. After 8 weeks in 
soil, the root dry mass of G20 was significantly greater (0.43 ± 0.10 g) than that of G43 (0.16  
± 0.04 g) (Table 23). Under 1S : 2V conditions, the root dry masses of the 4-week old cloned 
genotypes were similar but at 6 weeks that of the clones of G43 was significantly higher than 
those of the G15 (0.20 ± 0.01 g), G35 (0.20 ± 0.02 g) and G20 (0.19 ± 0.02 g) clones; by 8 
weeks the G15 (0.37 ± 0.07 g), G20 (0.32 ± 0.01 g) and G43 (0.37 ± 0.03 g) clones had 
significantly greater root dry masses than the G35 (0.19 ± 0.04 g) clones.  
 
The root dry masses of the clones of the selected genotypes were not influenced by substrate 
type (Table 23). The exceptions were the G43 clones at 6 (0.14 ± 0.01 g in soil and 0.33 ± 0.03 
g in 1S : 2V) and 8 (0.16 ± 0.04 g in soil and 0.37 ± 0.03 g in 1S : 2V) weeks and the G35 
clones at 8 weeks (0.31 ± 0.02 g in soil and 0.19 ± 0.04 g in 1S : 2V).  
 
Further statistical analyses indicated that the clones of the selected genotypes were significantly 
affected by the genotype x substrate type (p ≤ 0.05) interaction, implying that the root dry 
masses of the clones of each genotype differed in the two substrates. 
 
Root:shoot dry masses 
The root:shoot dry masses of the G15 and G20 clones were positively affected by their 
physiological age in soil but not in 1S : 2V (Table 24). In both the substrates, the root:shoot 
dry mass of the G35 and G43 clones were similar, irrespective of their physiological age.  
 
At 4 weeks in soil, this ratio was significantly higher in the G20 clones (1.5 ± 0.0) than in the 
G43 clones (0.9 ± 0.1). After 4 weeks in 1S : 2V and 6 and 8 weeks in both substrates, no 
significant differences were found amongst the clones of the selected genotypes with regards 
to root:shoot dry masses (Table 24). 
 
With the exception of the G15 clones at 8 weeks (0.6 ± 0.0 and 0.9 ± 0.1 in soil and 1S : 2V, 
respectively) and the G20 clones at 4 weeks (1.5 ± 0.0 and 0.8 ± 0.2 in soil and 1S : 2V, 
respectively), the root:shoot dry masses of the clones of the selected genotypes were not 







Table 24: The root:shoot dry masses of the clones of the selected Solanum nigrum genotypes over 8 weeks ex vitro growth (which included 2 weeks 
acclimatisation).  Data were analysed using a one-way ANOVA and a post-hoc Tukey test (mean ± SE, p ≤ 0.05; n=3) and analysed between soil and 1 soil : 2 
vermiculite (1S : 2V) for each genotype at each week using an unpaired t-test (mean ± SE, p ≤ 0.05, n=3). The interactions amongst genotype, physiological 
age and substrate type were analysed using a three-way ANOVA (F value, p ≤ 0.05, n=3). Different uppercase letters denote a statistical significance for 
individual genotypes amongst sampling times for each substrate type; different lowercase letters denote a statistical significance amongst genotypes for each 
substrate type at each week (within a column); z denotes a statistical significance between soil and 1S : 2V for each genotype at each week. * denotes a statistical 
significance, NS denotes no statistical significance for each interaction. 
Genotype 
Root:Shoot 
4 weeks  6 weeks  8 weeks 
Soil  1S : 2V  Soil  1S : 2V  Soil  1S : 2V 
G15 1.1±0.1Aab 0.8±0.1Aa  0.7±0.1Ba 0.7±0.1Aa  0.6±0.0Ba 0.9±0.1Aaz 
G20 1.5±0.0Aaz 0.8±0.2Aa  0.7±0.1Ba 0.6±0.1Aa  0.9±0.2Ba 0.9±0.1Aa 
G35 1.3 ±0.2Aab 0.9±0.2Aa  1.0±0.2Aa 0.8±0.0Aa  1.0±0.2Aa 0.8±0.1Aa 
G43 0.9±0.1Ab 0.8±0.1Aa  0.9±0.1Aa 0.7±0.0Aa  0.5±0.1Aa 0.7±0.0Aa 
Genotype x Physiological age 1.600
NS       
Genotype x Substrate type 2.695
 NS       
Physiological age x Substrate type 6.223*       
Genotype x Physiological age x Substrate type 0.918




The physiological age x substrate type (p ≤ 0.05) interaction significantly affected the 
root:shoot dry masses of the clones of the selected genotypes. This suggests that the root:shoot 
dry masses of clones differed at the different tested physiological ages when grown in both soil 
and 1S : 2V. 
 
In conclusion, the shoot growth (viz. number of leaves and fresh and dry masses) of the clones 
of the selected genotypes was less affected by physiological age than the root growth (viz. fresh 
and dry masses). Substrate type affected the root fresh mass of the G20 clones and the shoot 
and root fresh and dry masses of the G43 clones throughout the tested growth period. The shoot 
and root growth of the clones of the other genotypes were mainly affected by substrate type 
toward the end of the tested growth period (i.e. 8 weeks). 
 
4.5.2 The effect of physiological age on the levels of leaf calcium and iron of the clones of 
the selected genotypes 
The leaf Ca contents of the G20 and G43 clones did not change with advancing physiological 
age, regardless of the substrate in which they were grown (Table 25). When maintained in soil 
for 4 weeks, the Ca level of the G20 clones (843 ± 68 mg 100 g-1 dry mass [DM]) was 
significantly higher than that of the G43 clones (591 ± 74 mg 100 g-1 DM; Table 25) but it 
became significantly lower at 6 weeks (675 ± 57 mg 100 g-1 DM in G20 and 862 ± 14 mg 100 
g-1 DM in G43). By 8 weeks, the amount of Ca between the G20 and G43 clones was not 
significantly different. In 1S : 2V, the clones of G20 and G43 had similar levels of Ca up to 
week 6 but at week 8 the clones of G20 (825 ± 52 mg 100 g-1 DM) had a significantly higher 
level of leaf Ca than the clones of G43 (581 ± 32 mg 100 g-1 DM).  
 
The clones of G20 had similar levels of Ca to its parent at all tested physiological ages, 
regardless of substrate type (Table 25). After growing in soil for 4 weeks, the G43 clones (591 
± 74 mg 100 g-1 DM) had a similar level of Ca to its parent (331 ± 29 mg 100 g-1 DM). However, 
at 6 and 8 weeks (862 ± 14 and 676 ± 117 mg 100 g-1 DM, respectively) the Ca levels were 
two times or more higher in the clones than the parent genotype (331 ± 29 mg 100 g-1 DM). At 
6 weeks under 1S : 2V conditions, the Ca content of the G43 clones (785 ± 103 mg 100 g-1 
DM) was more than double that of its parent (331 ± 29 mg 100 g-1 DM) and similar at 4 (597 






Table 25: Comparison of leaf Ca and Fe contents (mg 100g-1 DM) amongst the clones of the selected Solanum nigrum genotypes (G), kept on two substrates, 
over 8 weeks ex vitro growth with those of their respective parent genotype. Data were analysed between substrate types for each genotype; between G20 and 
G43 or G15 and G35 for each substrate type at 4, at 6 and at 8 weeks ex vitro using unpaired t-tests (mean ± SE, p ≤ 0.05, n=3) and amongst the clones of the 
selected genotypes at 4, 6 and 8 weeks ex vitro and the parent genotype for each genotype and substrate type using a one-way ANOVA and post-hoc Tukey test 
(mean ± SE, p ≤ 0.05, n=3). The data for parent genotypes were as from Figures 8 and 9. Different uppercase letters indicate a significant difference amongst 
the parent genotype and its clones (at 4, 6 and 8 weeks) for each individual genotype when kept in soil. Different lowercase letters indicate a statistical 
significance amongst the parent genotype and its clones (at 4, 6 and 8 weeks) for each individual genotype when kept in 1 soil : 2 vermiculite (1S : 2V). An * 
indicates a statistical significance between G20 and G43 or G15 and G35 for each substrate type at 4, at 6 and at 8 weeks ex vitro. A Z indicates a statistical 






6 4 6 8 
Parent 
genotype 
Clones of the selected genotypes 
Ca 
G20 High 
Soil 864±5Aa 843±68A* 675±57A 674±74A 
1S : 2V - 752±29a 775±34a 825±52a* 
G43 Low 
Soil 331±29Bb 591±74AB 862±14A* 676±117A 
1S : 2V - 597±87ab 785±103a 581±32ab 
Fe 
G15 High 
Soil 15.0±0.1Aa 7.9±0.6B 7.6±1.1B 4.1±0.2C 
1S : 2V - 8.8±0.4b 6.1±0.3c 5.2±0.3cZ 
G35 Low 
Soil 3.0±0.3Bb 7.5±0.1A 6.1±0.4A 6.6±0.6A* 




The effects of physiological age and substrate type on Fe content were also assessed for the 
clones of G15 and G35. When grown in soil, the G15 clone’s Fe content decreased with 
increasing physiological age and was significantly higher at 4 (7.9 ± 0.6 mg 100 g-1 DM) and 
6 (7.5 ± 1.1 mg 100 g-1 DM) than at 8 weeks (4.1 ± 0.2 mg 100 g-1 DM). Under 1S : 2V 
conditions, the Fe content of the clones of G15 decreased at an earlier physiological age than 
that of the clones kept in soil- the clones had a significantly higher level of Fe at 4 (8.8 ± 0.3 
mg 100 g-1 DM) than at 6 (6.1 ± 0.3 mg 100 g-1 DM) and 8 (5.3 ± 0.3 mg 100 g-1 DM) weeks.  
When grown in soil, no significant differences were detected in the Fe contents of the G35 
clones at all tested physiological ages (Table 25). However, in 1S : 2V, the Fe levels of the 
G35 clones were significantly higher at 4 (10 ± 1.7 mg 100 g-1 DM) than at 6 (6 ± 0.4 mg 100 
g-1 DM) and 8 (6 ± 0.4 mg 100 g-1 DM) weeks.  
 
At 4 and 6 weeks in soil, there were no significant differences in the Fe contents between the 
clones of G15 and G35 (Table 25). However, after growing for 8 weeks in soil, the clones of 
G15 (4.1 ± 0.2 mg 100 g-1 DM) had a significantly lower Fe level than the G35 clones (6.6 ± 
0.6 mg 100 g-1 DM). Under 1S : 2V conditions, the levels of Fe between the G15 and G35 
clones were the same at all physiological ages (Table 25). 
 
At each physiological age and in both the substrates, the clones of G15 had significantly lower 
levels of Fe than the parent genotype (Table 25). In contrast, when grown in soil, the Fe content 
of the G35 clones was more than double that of its parent genotype (3.0 ± 0.3 mg 100 g-1 DM) 
at all the tested physiological ages (7.5 ± 0.1 at 4, 6.1 ± 0.4 at 6 and 6.6 ± 0.6 mg 100 g-1 DM 
at 8 weeks) (Table 25). Under 1S : 2V conditions at 4 weeks, the level of Fe in the clones of 
G35 (10.0 ± 1.7 mg 100 g-1 DM) was three times or more higher than that of its parent (3.0 ± 
0.3 mg 100 g-1 DM) but by 6 (5.8 ± 0.4 mg 100 g-1 DM) and 8 (6.0 ± 0.4 mg 100 g-1 DM) 
weeks, the Fe levels decreased and were similar to that of its parent. 
 
Further statistical analyses of the data, using a three-way ANOVA, showed that the Ca and Fe 
levels of the clones of the selected genotypes were significantly affected by the genotype x 
physiological age interaction (Table 26). This suggests that the Ca and Fe contents of the clones 
of each genotype differed at the different tested physiological ages. Only Fe was affected by 
the physiological age x substrate type interaction (p ≤ 0.05), implying that the Fe content of the 




Table 26: The interaction amongst genotype, physiological age and substrate type on the leaf Ca and Fe 
contents of the clones of the selected Solanum nigrum genotypes. Data were analysed using a three-
way ANOVA (F value, p ≤ 0.05, n=3). * denotes a statistical significance, NS denotes no statistical 
significance for each interaction. 
Interaction Ca Fe 
Genotype x Physiological age 5.169* 7.068* 
Genotype x Substrate type 1.866NS 0.023NS 
Physiological age x Substrate type 0.286NS 3.616* 
Genotype x Physiological age x Substrate type 1.746NS 2.992NS 
 
 
This study was done to investigate the effect of physiological age and substrate type on the 
levels of Ca and Fe in the leaves of the clones of four of the selected S. nigrum genotypes, viz. 
G15 (high Fe), G20 (high Ca), G35 (low Fe) and G43 (low Ca). Using the significant 
differences in the Ca (G20 and G43) and/or Fe (G15 and G35) contents amongst the clones of 
the tested genotypes at 4, 6 and 8 weeks ex vitro in both soil and 1S : 2V (Table 25), ‘rankings’ 
were established and compared with those of the parent genotypes (Table 27). The leaf Ca 
contents of the clones of G20 and G43 differed from their parent genotypes at 6 and 8 weeks 
in soil and at 4 and 6 weeks in 1S : 2V (Table 27). However, at 4 weeks in soil and at 8 weeks 
in 1S : 2V, the G20 and G43 clones maintained similar levels of Ca to those of their parent 
genotypes (G20>G43) (Table 27). 
 
Table 27: Significant differences in the levels of Ca and Fe of the parent genotypes at weeks and their 
clones at 4, 6 and 8 weeks ex vitro. The clones were grown in soil or 1 soil : 2 vermiculite (1S : 2V). 
Data for the parent genotypes are as from Figure 10 and for the clones of the selected genotypes are as 
from Table 25. 
Parent genotype  
and clones 
Week Ca content Fe content 
Parent genotype 6 G20>G43 G15>G35 
Clones of the selected 
genotypes (soil) 
4 G20>G43 None 
6 G43>G20 None 
8 None G35>G15 
Clones of the selected 
genotypes (1S : 2V) 
4 None None 
6 None None 
8 G20>G43 None 
 79 
 
In conclusion, physiological age had no effect on the Ca contents of the G20 and G43 clones 
in both substrates and the Fe level of the G35 clones in soil. However, it negatively affected 
the Fe contents of the G15 clones in the two substrates and the G35 clones in 1S : 2V. When 
compared with its parent genotype in soil, the G20 clones had the same Ca level at all tested 
physiological ages. At 4 weeks in soil, this was observed for the Ca content of G43. Subsequent 
to growing for 4 weeks in soil and 8 weeks in 1S : 2V, the Ca content of the G20 clones was 
greater than that of the G43 clones, i.e. G20 > G43. This trend was also recorded for their parent 
plants. In terms of Fe, the ‘ranking’ of the clones of G15 and G35 in both the substrates and at 
all the tested ages differed from that of their parents due to them having similar amounts of Fe.  
 
4.6 Preliminary studies on the minimal growth storage of Solanum nigrum 
As S. nigrum is a short-lived seasonal plant, a constant supply of explant material from the 
parent genotype for additional studies is not always available. Hence, one of the objectives of 
the present study was to undertake some investigations towards a short-term storage protocol 
for in vitro S. nigrum shoots for future studies. Toward this end, the effect of two media 
compositions on minimal growth storage and the ability of the in vitro plants to regenerate and 
form whole plants after an 8-week storage period were tested.  
 
In vitro shoots, from the eight genotypes (i.e. G5, G6, G15, G20, G35, G43, G45 and G50), 
stored on ⅓ MS + 10 g l-1 sucrose, multiplied, elongated and produced roots within the first 
week of storage. After the first week, the in vitro plants began to lose colour (from green to 
pale whitish green) and developed white callus on the stems (Figure 11 A). In vitro shoots of 
the eight tested genotypes, which were stored on ¼ MS + 5 g l-1 sucrose also multiplied, 
elongated and produced roots within the first week of storage. After their first week on ¼ MS 
+ 5 g l-1 sucrose, in vitro plants became hyperhydric (Figure 11 B; Saher et al., 2003; Kevers 
et al., 2004) and remained in this state for the duration of the minimal growth storage period.  
 
After being stored for 8 weeks under minimal growth conditions, individual shoots from both 
storage media were retrieved and transferred onto shoot multiplication medium for 4 weeks to 
determine recovery, which was assessed as number of shoots/explant. The shoots retrieve from 













Figure 11: In vitro shoots of Solanum nigrum on ⅓ MS + 10 g l-1 sucrose (A) and ¼ MS + 5 g l-1 sucrose 
(B) displaying hyperhydricity after 8 weeks of storage in a growth room at 16 h light (200 µmol m-2 s-1 





After 4 weeks on shoot multiplication medium, the selected genotypes that had been previously 
stored on ⅓ MS + 10 g l-1 sucrose showed significant differences in the number of 
shoots/explant, in that G20 (10 ± 1.5) and G15 (13 ± 1.9) were significantly higher than those 
of G5 (5 ± 0.8), G6 (4 ± 0.6), G43 (5 ± 0.5) and G50 (5 ± 0.3) (Figure 12). In contrast, there 
were no significant differences in the number of shoots/explant amongst the selected genotypes 
that had been stored on ¼ MS + 5 g l-1 sucrose (Figure 12). 
 
The G6 (9 ± 2.4 shoots), G43 (12 ± 1.4 shoots), G45 (13 ± 0.8 shoots) and G50 (9 ± 0.9 shoots) 
explants that were on ¼ MS + 5 g l-1 sucrose (Figure 13 A) produced significantly higher 
numbers of shoots/explant than those on ⅓ MS + 10 g l-1 sucrose (4 ± 0.6; 5 ± 0.5; 7 ± 1.1 and 
5 ±0.3 shoots, respectively) (Figure 14). The genotypes that were stored on ¼ MS + 5 g l-1 
sucrose were, therefore, chosen and successfully elongated (Figure 13 B), rooted (Figure 13 C) 
and acclimatised (Figure 13 D). All shoots rooted and survived acclimatisation. The results 
from the present study showed that ¼ MS containing 5 g l-1 sucrose was an appropriate medium 
to store S. nigrum in vitro cultures for a minimum of 8 weeks without sub-culturing, while 
retaining the ability of these shoots to produce whole plants.  
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Figure 12: The effect of shoot multiplication medium containing 3 mg l-1 BAP on the number of shoots/explant of the selected genotypes of Solanum nigrum 
in vitro shoots after 8 weeks of minimal growth storage in either ⅓ MS + 10 g l-1 sucrose or ¼ MS + 10 g l-1 sucrose. Data were analysed using a one-way 
ANOVA and a post-hoc Tukey test (mean ± SE, p ≤ 0.05, n=8). Lowercase letters denote a statistical significance across genotypes recovered from ⅓ MS + 10 
g l-1 sucrose and uppercase letters denote a statistical significance across genotypes recovered from ¼ MS + 5 g l-1 sucrose; * indicates a statistical significance 




























































Figure 13: Direct organogenesis of Solanum nigrum shoots, derived from minimal growth media 
containing ¼ MS + 5 g l-1 sucrose after 8 weeks. (A) In vitro shoots after 4 weeks on shoot multiplication 
medium containing 3 mg l-1 BAP. (B) In vitro shoots after 1 week on elongation medium containing 0.1 
mg l-1 BAP. (C) Rooted in vitro shoots after 3 weeks on hormone-free MS medium. (D)  A plant after 










Figure 14: In vitro Solanum nigrum shoots, derived from minimal growth media containing ⅓ MS + 10 
g l-1 sucrose after 4 weeks on shoot multiplication medium containing 3 mg l-1 BAP.  
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5. Discussion and conclusions 
In South Africa many poor and rural communities are deficient in important micronutrients 
such as calcium (Ca) and iron (Fe) due to their diet being mainly cereal-based (Faber and 
Wenhold, 2007; Labadarios et al., 2008; Faber et al., 2010; Berti et al., 2014; Njume et al., 
2014; Mchiza et al., 2015; van der Hoeven et al., 2015; Chakona and Shackleton, 2017; 
Ngoroyemoto et al., 2017). Some communities supplement their diet by consuming the leaves 
of African leafy vegetables (ALVs) (Steyn et al., 2001; Aphane et al., 2003; Oniang’o et al., 
2004; Faber and Wenhold, 2007; Uusiku et al., 2010; Ebert, 2014; Njume et al., 2014; Seeiso 
and Materechera, 2014; Bvenura and Afolayan, 2015; Byrnes et al., 2017; Ngoroyemoto et al., 
2017) because they are easily obtained (collected from the wild or cultivated in gardens) and 
are rich sources of micronutrients (Shukla et al., 2006; Vorster et al., 2007). However, in a 
plant population, different genotypes differ in their levels of micronutrients (Beebe et al., 2000 
[Phaseolus vulgaris L.]; Kopsell et al., 2005 [Brassica oleracea]; Shukla et al., 2006 
[Amaranthus sp.]; Modi, 2007 [Amaranthus sp.]; Pandino et al., 2011 [Cynara cardunculus 
var. scolymus]; Lewu et al., 2012 [Brassica oleracea]; Baloyi et al., 2013 [Lablab purpureus]; 
Kachiguma et al., 2015 [Amaranthus sp.]; Byrnes et al., 2017 [Amaranthus sp.]). 
Micropropagation techniques can be used as tools to clone ALV genotypes with high levels of 
important micronutrients (Dubois, 2009; Tadele and Assefa, 2012). 
 
In this study, Solanum nigrum was of particular interest as it is one of many ALVs that are 
consumed by communities in SA (Steyn et al., 2001; Jansen van Rensburg et al., 2007; Bvenura 
and Afolayan, 2014a, b; Ngoroyemoto et al., 2017). This plant has been previously 
micropropagated and protocols from the previous studies were adapted in the present study to 
establish a micropropagation protocol for S. nigrum using nodal and leaf explants from 
greenhouse-germinated seedlings and locally grown field plants.  In addition, a population of 
fifty 6-week old seedling plants was screened using inductively coupled plasma-optical 
emission spectrometry (ICP-OES) for the determination of leaf Ca and Fe levels (Figures 8 and 
9). Amongst the fifty screened genotypes, there was variation in the amounts of Ca (331.05-
916.30 mg 100 g-1 dry mass [DM]) and Fe (0.64-14.95 mg 100 g-1 DM). Based on these results, 
two genotypes each were selected for high Ca (G5 and G20) and Fe (G6 and G15) or low Ca 
(G43 and G45) and Fe (G35 and G50) (hereafter referred to as selected genotypes). The 
established micropropagation protocol was applied to leaf explants of these selected genotypes 
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to determine its effect on their in vitro and ex vitro growth responses. In addition, the effects 
of substrate type and physiological age on the Ca and Fe levels of the clones were investigated. 
 
5.1 Establishment of a direct organogenesis protocol for Solanum nigrum and its 
application to the selected genotypes 
There are numerous reports for the in vitro micropropagation of S. nigrum using direct 
(Hassanein and Soltan, 2000; Kannan et al., 2006; Bhat et al., 2010; Pandhure et al., 2010; 
Sundari et al., 2010; Verma et al., 2010; Sridhar and Naidu, 2011b; Kavitha et al., 2012; 
Padmapriya et al., 2011; Rathore and Gupta, 2013; Sarethy et al., 2014) and indirect (Harn, 
1972; Hassanein and Soltan, 2000; Kolar et al., 2008; Pandhure et al., 2010; Swain et al., 2010) 
organogenesis. Based on direct organogenesis protocols reported by Sridhar and Naidu (2011b) 
and Kavitha et al. (2012), the present study set out to establish a micropropagation protocol for 
populations of S. nigrum grown around Durban, South Africa, using nodal and leaf explants 
from seedling and field-derived plants. Direct organogenesis was used to propagate the 
explants because true-to-type clones were the desired result. In this pathway of morphogenesis, 
shoot production proceeds without a callus phase, plantlet production occurs over a shorter 
period of time, albeit with a lower yield, than that of indirect organogenesis and chances of 
there being somaclonal variation in the clones are less likely (Karp, 1994; Hartmann et al., 
1997; George et al., 2008; Bairu et al., 2011; Acquaah, 2012).  
 
Obtaining aseptic explants is an important prerequisite to the success of any micropropagation 
protocol (George et al., 2008). In studies on S. nigrum, many workers have decontaminated 
nodal and leaf explants using mercuric chloride (Kolar et al., 2008; Pandhure et al., 2010; 
Sundari et al., 2010; Verma et al., 2010; Padmapriya et al., 2011; Sridhar and Naidu, 2011a, 
b; Kavitha et al., 2012; Rathore and Gupta, 2013) but this chemical was not tested in the current 
study as it is hazardous to humans (carcinogenic) and toxic to explants (Hammond et al., 2014; 
Wee et al., 2015; Mahmoud and Al-Ani, 2016). Therefore, in the present study, the nodal and 
leaf explants from seedling and field-derived plants were decontaminated with 1 % (v/v) 
NaOCl for 10 min. While 80 and 47 % of leaf explants from seedling and field parents, 
respectively, were successfully decontaminated, nodal explants had to be further treated with 
Methylene blue®, fungicides and antibiotics (Table 8). However, these treatments were not 
effective in reducing the fungal and bacterial contamination on the nodes and no further 
attempts of decontaminating the nodes were pursued. These findings were consistent with those 
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of a study by Wee et al. (2015), who found that the nodal explants of Sauropus androgynous 
(an underutilised leafy vegetable) were more contaminated than leaf explants after being 
treated with 70 % (v/v) ethanol for 1 min and 20 % NaOCl for 20 min.  
 
Shoots were induced from both the nodal and leaf explants when cultured onto shoot 
multiplication medium containing 3 mg l-1 benzylaminopurine (BAP). However, at the end of 
this stage, leaf explants from seedling and field plants produced more shoots/explant (20 and 
50 shoots, respectively) than the nodes (1 and 1-2 shoots, respectively) (Tables 8 and 9). Other 
workers, who also used 3 mg l-1 BAP to multiply S. nigrum, found that leaf segments produced 
18 shoots/explant (Sridhar and Naidu, 2011b) whereas nodes produced 2 (Sundari et al., 2010) 
and 8 (Kavitha et al., 2012) shoots/explant. The result reported by Kavitha et al. (2012) was 
higher than that of the present study and the differences in the results might be due to 
differences in genotype (Gubis et al., 2003; George et al., 2008; Latif et al., 2014; Kareem et 
al., 2016) and geographical location (Hartmann et al., 1997; Zhao et al., 2013; Gashi et al., 
2015; Kareem et al., 2016). 
 
Subsequent to these comparisons, the in vitro shoots obtained from leaf explants of seedlings 
and field plants were selected to investigate rooting on media containing low (viz. 1 mg l-1 
indole-3-acetic acid [IAA] and 0.5 mg l-1 indole-3-butyric acid [IBA]) or no plant growth 
regulators (PGRs). After 3 weeks on the three tested rooting media, no significant differences 
were observed in the rooting percentage of shoots obtained from both the seed- and field-
derived explants (Table 9). However, high percentages of the shoots, produced from seedling 
and field-derived leaf explants, rooted-  80 ± 0.0 and 75 ± 10.0 % on hormone-free MS medium, 
95 ± 5.0 and 80 ± 0.0 % on 1 mg l-1 IAA and, 95 ± 5.0 and 75 ± 19.1 % on 0.5 mg l-1 IBA, 
respectively). In other studies on S. nigrum, researchers found that the in vitro shoots were able 
to root on a range of concentrations of IBA, IAA and other auxins (Hassanein and Soltan, 2000; 
Kolar et al., 2008; Bhat et al., 2010; Pandhure et al., 2010; Sundari et al., 2010; Sridhar and 
Naidu, 2011a, b). The findings of the current study and those of the other studies on S. nigrum 
suggest that the in vitro shoots had sufficient endogenous growth hormones to facilitate root 
morphogenesis. After 2 weeks acclimatisation in soil, 93-100 % and 19-59 % of the clones 
regenerated from seed- and field-derived leaf explants, respectively, survived acclimatisation 





Leaf segments from seedling plants were chosen for all the subsequent investigations because 
they produced a higher post-acclimatisation yield range over a shorter period of 
micropropagation (25 ± 0.5, 30 ± 0.6 and 28 ± 0.6 plants/explant after rooting on hormone-free 
MS medium, 1 mg l-1 IAA and 0.5 mg l-1 IBA, respectively, after 10 weeks of 
micropropagation) than field-grown plants (1 ± 0.3, 2 ± 0.3 and 2 ± 0.3 plants/explant after 
rooting on hormone-free MS medium, 1 mg l-1 IAA and 0.5 mg l-1 IBA, respectively, after 14 
weeks of micropropagation) (Table 9). The main reasons for field-grown plants producing a 
low post-acclimatisation yield range (1-2 plants/explant) were the losses of leaf explants due 
to necrosis (40 ± 5.1 %) during shoot multiplication and the low survival percentages of the 
plantlets previously rooted on hormone-free MS medium (19 ± 8.1 %), 1 mg l-1 IAA (46 ± 8.1 
%) and 0.5 mg l-1 IBA (59 ± 12.4 %). Padmapriya et al. (2011), micropropagated nodal explants 
of the same species via direct organogenesis, reported a post-acclimatisation yield of 39 
plants/explant. This result was higher than those of the present study for the leaf explants from 
both seedling (25-30 plants/explant) and field (1-2 plants/explant) plants. The differences were 
likely due to using different types of explants and PGR concentrations (Mutlu and Turker, 
2008; Sharma and Nautiyal, 2009; Charaya et al., 2011; Grozeva and Velkov, 2014). For a 
closely related species, Solanum americanum, Connor-Sánchez et al. (2010) reported that the 
leaves of seedling plants (micropropagated using direct organogenesis) produced a post-
acclimatisation yield of approximately 20 plants/explant, i.e. lower than that obtained for 
seedling-derived leaf explants in the current study. The protocol used to micropropagate the 
seedling-derived leaf explants in the present study was consequently considered adequate for 
the main purpose of this study. In conclusion, the established protocol was to decontaminate 
leaf explants using 1 % (v/v) NaOCl with Tween 20® for 10 min followed by three 30 s rinses 
in sterile distilled water. They were then cultured onto 3 mg l-1 BAP for 4 weeks to induce and 
multiply shoots, followed by a week on 0.1 mg l-1 BAP to elongate them, then left for 3 weeks 
on hormone-free MS medium for rooting. However, the plantlets were acclimatised in 1 soil : 
2 vermiculite (1S : 2V) instead of soil for 2 weeks in a growth room with a 16 h light (200 
µmol m−2 s−1)/ 8 h dark photoperiod, at 25 and 23 °C, respectively. 
 
Eight genotypes (i.e. G5, G6, G15, G20, G35, G43, G45 and G50) were selected for further 
investigations based on determinations of the leaf Ca and Fe levels of a population of fifty 
seedling plants (Figures 8 and 9). Leaf segments of the selected genotypes were 
micropropagated using the established direct organogenesis protocol to determine its effect on 
their in vitro growth responses. According to Hartmann et al. (1997) and George et al. (2008), 
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the genotype is a key factor that influences the response of an explant to in vitro morphogenesis. 
In the current study, this was evident in the post-acclimatisation yield (i.e. number of 
plants/explant) of the clones of the selected genotypes- that of G43 (32 ± 3.6) was significantly 
higher than those of G5 (13 ± 2.1), G6 (16 ± 1.8), G20 (16 ± 2.0), G35 (11 ± 1.6) and G50 (14 
± 1.6). The significant differences identified in the percentage of explants with shoots and 
number of shoots/explant amongst the selected genotypes during the shoot multiplication stage 
were the main reasons for the differences in their post-acclimatisation yield (Table 11). For 
example, after 4 weeks on the shoot multiplication medium, the G50 explants had significantly 
the lowest percentage of explants with shoots (25 %). Even though the percentage of explants 
with shoots was not statistically different amongst the other tested genotypes, 75 % of the G5, 
G35, and G45 explants, 83 % of the G15, G20 and G43 explants and 92 % of the G6 explants 
produced shoots. Regarding the number of shoots/explant, that of G43 (51 ± 5.8) was 
significantly the highest; those of the other tested genotypes ranged from 22-45 shoots. In 
agreement with the findings of the present study, the effect of genotype on in vitro 
morphogenesis has been reported by other researchers for vegetables such as Brassica oleracea 
(Pua et al., 1999; Cosic et al., 2015), Cucumis sativum (Grozeva and Velkov, 2014), Lactuca 
sativa (Xinrun and Conner, 1992; Ampomah-Dwamena et al., 1997; Mohebodini et al., 2011; 
Latif et al., 2014), Lycopersicon esculentum (Gubis et al., 2003; Jabeen et al., 2005; Grozeva 
et al., 2006; Aazami et al., 2010; Liza et al., 2013), Raphanus sativus (Takahata et al., 1996), 
Solanum melongena (Sharma and Rajam, 1995; Dhatt et al., 2011; Kaur et al., 2015; Muktadir 
et al., 2016), Spinacia oleracea (Shojaei et al., 2010) and Telfairia occidentalis (Adesoye et 
al., 2012). 
 
Since plants are sessile, they have to adapt to their ever-changing environment in order to 
acquire resources (i.e. water and nutrients) (Gratani, 2014). Phenotypic plasticity occurs when 
a genotype expresses different phenotypes in response to its environment and is one of many 
strategies that a plant uses to cope with environmental changes (Gratani, 2014). In the present 
study, some growth measurements (number of branches and leaves, shoot and root lengths and, 
shoot and root fresh and dry masses) of the clones of the selected genotypes (i.e. G5, G6, G15, 
G20, G35, G43, G45 and G50) were recorded at the start of acclimatisation (w0) and after 6 
weeks ex vitro (w6) growth (which included 2 weeks acclimatisation) in soil or in 1S : 2V to 
assess the effect of growth period and substrate on their ex vitro growth. In both the tested 
substrates, the shoot and root lengths, and fresh and dry masses of clones of most of the selected 
genotypes were affected by growth period (Tables 13-15). The exceptions were the number of 
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branches and leaves and root:shoot dry masses, i.e. there were no significant increases with 
regards to these parameters over time (Tables 12 and 16). Bvenura and Afolayan (2014c) 
assessed the growth responses (shoot length, number of leaves and root:shoot) of S. nigrum 
seedlings to organic and/or inorganic fertilisers when grown under field conditions and found 
that the growth increased with advancing plant age.  
 
Substrate type is one of the most important factors (apart from genotype) that affects plant 
growth and development (Jankauskienė et al., 2015) and many researchers have reported 
significant effects of substrate type on the growth of vegetables (Ayalew, 2014 [Zea mays and 
Phaseolus vulgaris]; Jankauskienė et al., 2015 [L. esculentum]; Zucco et al., 2015 
[Lycopersicon esculentum]; Ohshiro et al., 2016 [Amaranthus sp.]). In the present study, the 
shoot growth of only two (i.e. G5 [length and fresh mass] and G20 [number of leaves, and fresh 
and dry masses]) of the eight cloned genotypes was significantly affected by substrate type, i.e. 
greater in 1S : 2V than in soil (Tables 12-15).  
 
Regarding the root parameters, those of seven of the eight cloned genotypes were affected by 
substrate type. This was possibly due to root growth having more phenotypic plasticity than 
the shoot growth because the roots needed to branch out in the substrate to acquire nutrients 
and water (Topp, 2016). The root lengths of the G5, G20, G35, G43, G45 and G50 clones were 
significantly greater in 1S : 2V (391 ± 46.1, 359 ± 52.5, 322 ± 45.3, 290 ± 23.0, 273 ± 18.7 and 
294 ± 14.2 mm, respectively) than in soil (204 ± 30.7, 221 ± 30.5, 192 ± 21.8, 190 ± 33.0, 208 
± 13.6 and 213 ± 32.9 mm, respectively). The same trend was found in the root fresh masses 
of the clones of G5 (0.6 ± 0.2 g in soil and 4.4 ± 0.8 g in 1S : 2V) and G20 (2.2 ± 0.6 g in soil 
and 6.3 ± 0.8 g in 1S : 2V) and root dry masses of the G5 clones (0.4 ± 0.1 g in soil and 0.7 ± 
0.1 g in 1S : 2V). The opposite trend was found in the dry masses of the G6, G43 and G45 
clones (Table 15). The above findings were similar to that of Zucco et al. (2015) in which the 
root dry mass of Lycopersicon esculentum was significantly affected by soil type and 
vermicompost applications. Although the shoot and root parameters of the clones of some of 
the selected genotypes were affected by substrate type, the root:shoot dry masses of only the 
G6 clones were significantly affected by substrate type (i.e. 3.2 ± 0.7 in soil and 0.7 ± 0.2 in 
1S : 2V), i.e. more growth was invested in the roots of the clones grown in soil than those in 





5.2 Comparing the levels of leaf Ca and Fe of the selected genotypes with those of their 
clones and the effect of substrate type on the leaf Ca and Fe contents of the clones 
Micropropagation is a method of mass multiplying plants with desired characteristics 
(Hartmann et al., 1997; George et al., 2008; Singh et al. 2013; Ncube et al., 2015). In the 
present study, genotypes that were chosen on the basis of them having high Ca (G5 and G20), 
high Fe (G6 and G15), low Ca (G43 and G45) and low Fe (G35 and G50) were 
micropropagated using the established protocol. To determine if the desired characteristics (i.e. 
high or low Ca and Fe) of the parent plants were maintained by their clones, the leaf Ca and Fe 
levels of the 6 week-old clones (including 2 weeks acclimatisation) of G5, G6, G15, G20, G35, 
G43, G45 and G50, grown in soil, were compared with those of their 6 week-old seedling 
parents also grown in soil. The occurrence of somaclonal variation in the clones of the selected 
genotypes was not tested. However, precautions were taken to ensure that somaclonal variation 
did not occur in the clones, i.e. the selected genotypes were micropropagated using direct 
organogenesis and, only one PGR (viz. BAP) at low concentrations (i.e. 0.1 and 3 mg l-1 BAP) 
was used. 
 
The results showed that only the Ca content of G43 (331 ± 29 mg 100 g- 1 DM) and the Fe level 
of the G35 (3.0 ± 0.3 mg 100 g- 1 DM) parents and clones (543 ± 147 and 5 ± 1.1 mg 100 g-1 
DM, respectively) were the same (Figure 10). The Ca levels of two (G5 and G20) of the four 
tested genotypes (i.e. G5, G20, G43 and G45) were significantly lower than those of their 
respective parents, while that of only one genotype (G45) was significantly higher than its 
parent. A similar trend was found regarding leaf Fe content: significantly lower leaf Fe levels 
were found in the G6 and G15 clones than in those of their parents whereas the opposite was 
found for G50. 
 
As with the present study, differences in tested traits between conventionally grown and 
micropropagated plants have been reported by other researchers (Ferdausi et al., 2009; 
Radhakrishnan and Kumari, 2009; Fadel et al., 2014; Makowczynska et al., 2015), who 
proposed that their findings were possibly due to the influence of the environmental conditions 
of the stages of micropropagation (e.g. the PGR used and medium composition). In a study 
using two genotypes of Solanum melongena, Ferdausi et al. (2009) found that the levels of Fe 
of the micropropagated plants of each genotype (0.5531 and 0.5007 ppm) were two times 
higher than those of seedling plants of the two tested genotypes (0.2015 and 0.2509 ppm). 
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Radhakrishnan and Kumari (2009), compared the levels of protein in the leaves, roots, stems 
and fruits of conventionally grown (30.7, 21.2, 42.7 and 46.8 mg g-1 DM, respectively) and 
cloned (40.3, 22.7, 32.4 and 33.7 mg g-1 DM, respectively) soybean plants (Glycine max) (a 
herbaceous annual). They found that the leaves and roots of the micropropagated plants 
produced more protein than those of the conventionally grown plants, whereas the opposite 
was true for the stems and fruit.  
 
In addition to growing the clones of the selected genotypes in soil, they were also grown in 1 
soil : 2 vermiculite (1S : 2V) to determine if they exhibited the same levels of Ca and Fe as 
their parents when kept in a low nutrient substrate. Six of the eight cloned genotypes had similar 
or significantly higher levels of Ca or Fe than their parents (Figure 10). There were similar 
amounts of Ca between the G5 and G20 parents and their clones. However, significantly higher 
Ca levels were found in the G43 (768 ± 16 mg 100 g-1 DM) and G45 (619 ± 67 mg 100 g-1 DM) 
clones compared to their respective parents (331 ± 29 mg 100 g- 1 DM for G43 and 333 ± 4 mg 
100 g-1 DM for G45). With regards to Fe content, this was true for the clones of G35 and G50. 
In the context of the present study, the results suggested that the G5, G20, G35, G43, G45 and 
G50 clones grew better in 1S : 2V than in soil.  
 
Subsequent to these comparisons, four of the tested genotypes (viz. G15, G20, G35 and G43) 
were chosen to investigate the effect of physiological age on their leaf Ca and Fe contents when 
grown in soil. After comparisons between the 6 week-old parents and their clones at each tested 
physiological age (4, 6 and 8 weeks of ex vitro growth [which included 2 weeks 
acclimatisation]), similarities were only found with regard to Ca content (Table 25), i.e. at all 
tested physiological ages, the Ca levels of the G20 clones (843 ± 68, 675 ± 57 and 674 ± 74 
mg 100 g- 1 DM, respectively) and its parent (864 ± 5 mg 100 g- 1 DM) were the same. At 4 
weeks, this was true for the Ca content of the G43 parent (331 ± 29 mg 100 g- 1 DM) and its 
clones (591±74 mg 100 g- 1 DM).  
 
The significant differences in the Ca (G20>G43) and Fe (G15>G35) contents of the 6 week-
old parent genotypes were evident (Figures 8 and 9). These were compared with the ‘rankings’ 
of their clones that were established at 4, 6 and 8 weeks ex vitro in soil (Table 25). There were 
differences in the Fe ‘ranking’ between the parents (G15 and G35) and their clones at all tested 
physiological ages (Table 27). This was likely due to the effect of micropropagation on Fe 
levels of the cloned genotypes. With regards to Ca content, a similarity (i.e. G20>G43) in the 
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‘ranking’, was only found at 4 weeks ex vitro. This suggests that, in addition to 
micropropagation, physiological age also had an effect on the Ca ‘rankings’ (Table 27). 
 
Substrate type is known to affect the micronutrient contents of plants (Makus and Lester, 2002 
[Brassica juncea]; He et al., 2003 [Cucumis sativus L.]; Nurzyński, 2013 [Lycopersicon. 
esculentum]; Ohshiro et al., 2016 [Amaranthus sp.]). This is due to differences in the 
availability of micronutrients in the different substrates, differences in the ability of the roots 
to absorb them from the substrate and differences in the metabolism of micronutrients within 
the plant (Makus and Lester, 2002, Morgan and Connolly, 2013; Shukla et al., 2014; Afolayan 
and Bvenura, 2016). The present study set out to determine the effect of two substrates (i.e. 
soil and 1S : 2V) on the leaf Ca and Fe levels of the 6 week-old clones of the selected genotypes 
(i.e. G5, G6, G15, G20, G35, G43, G45 and G50) and it was found that those of the clones of 
five of the eight selected genotypes (i.e. G6, G15 G35, G43 and G45) were not affected by 
substrate type (Figure 10).  The clones of G5 and G20 grown in 1S : 2V (811 ± 66 and 875 ± 
52 mg 100 g-1 DM, respectively) had significantly higher Ca levels than those kept in soil (437 
± 113 and 332 ± 62 mg 100 g-1 DM, respectively). This trend was also found for the shoot 
lengths (90 ± 10.4 mm in soil and 143 ± 8.5 mm in 1S : 2V) and shoot fresh masses (0.8 ± 0.2 
g in soil and 1.7 ± 0.1 g in 1S : 2V) of the G5 clones and the number of leaves (12 ± 1.0 in soil 
and 22 ± 2.1 in 1S : 2V) and, shoot fresh (1.2 ± 0.3 g in soil and 2.7 ± 0.2 g in 1S : 2V) and dry 
masses (0.2 ± 0.0 g in soil and 0.5 ± 0.0 g in 1S : 2V) of the G20 clones. The clones of G50 
had a significantly higher concentration of Fe in soil (10 ± 1.5 mg 100 g-1 DM) than in 1S : 2V 
(5 ± 1.0 mg 100 g-1 DM). These comparisons showed that the accumulation of both Ca and Fe 
of the different genotypes was affected by substrate type differently.  
 
Subsequent to the above comparisons, four of the selected genotypes (viz. G15, G20, G35 and 
G43) were chosen for another study to determine the effect of substrate type on their Ca and 
Fe levels at different physiological ages (i.e. at 4, 6 and 8 weeks ex vitro). At all tested 
physiological ages, the Ca contents of the G20 and G43 clones were not significantly affected 
by substrate type (Table 25). Regarding Fe content, this was true for the clones of G35. The Fe 
levels of the G15 clones were significantly affected by substrate type at 8 weeks ex vitro only 
(4.1 ± 0.2 mg 100 g-1 DM in soil and 5.2 ± 0.3 mg 100 g-1 DM in 1S : 2V). This was also 
observed at 8 weeks ex vitro for the root:shoot dry masses of the clones of G15 (0.6 ± 0.0 in 
soil and 0.9 ± 0.1 in 1S : 2 V). Due to the G15 clones accumulating a greater root:shoot dry 
mass in 1S : 2V than in soil at 8 weeks ex vitro, the roots of the clones grown in 1S : 2V were 
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able to absorb more Fe for accumulation in the leaves. The interaction between genotype and 
substrate type had no significant effects on the Ca and Fe levels of the clones of the selected 
genotypes (i.e. G15, G20, G35 and G43), even though their shoot growth was significantly 
affected by this interaction (Tables 19-21). Hence, the clones of these genotypes exhibited less 
plasticity in their Ca and Fe contents than in their shoot growth. According to Bhargava et al. 
(2005), Bhargava et al. (2008) and Edugbo et al. (2015), it is important to select plants that 
show little-to-no variation for a desired trait when grown in different environments (in this case 
different substrates) because they can prove to be useful to plant breeders due to their 
consistency for a given trait. In this regard, the some of the selected genotypes (such as G15, 
G35 and G43) can prove to be of value in this research programme and further investigations 
must be done to evaluate the effect of different environmental conditions on the Ca and Fe 
levels of their clones. This can be done by growing the clones under different ex vitro 
conditions (greenhouse, shadehouse, glasshouse and in the field) and testing the effect of 
different light intensities, watering regimes, fertiliser treatments and soil pH on the growth and 
Ca and Fe contents of the clones.  
 
5.3 The effect of physiological age on the growth and leaf Ca and Fe contents of the clones 
of the selected genotypes 
Solanum nigrum is usually consumed when the plant reaches maturity at approximately 6 
weeks (Edmonds and Chweya, 1997; Kremer and Lotz, 1998; Jimoh et al., 2010), but 
information on the levels of leaf Ca and Fe as the plant ages is limited (Chweya, 1997; Bvenura 
and Afolayan, 2014a, b). In the present study, the effect of physiological age on some growth 
parameters (number of leaves, shoot and root fresh and dry masses and root:shoot) and, leaf Ca 
and Fe contents were investigated using clones of G15 (high Fe), G20 (high Ca), G35 (low Fe) 
and G43 (low Ca) grown in both soil and 1 soil : 2 vermiculite (1S : 2V).  
 
In a study by Bvenura and Afolayan (2014c), the effects of organic and/or inorganic fertilisers 
on the growth responses (shoot length, number of leaves and root:shoot) of S. nigrum were 
assessed when seedlings were grown under field conditions over 12 weeks. They found that, 
as expected, the growth of the seedlings increased with advancing plant age. In the present 
study, the growth of each tested parameter (i.e. number of leaves, shoot and root fresh and dry 
masses and root:shoot dry mass) was affected differently by genotype (Tables 19-23). For 
example, when the G15 clones were grown in both the tested substrates, the number of leaves 
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and their shoot fresh masses were not affected by advancing plant age but their shoot dry 
masses and root fresh and dry masses significantly increased with increasing physiological age. 
For the clones of G20, when grown in soil, the number of leaves of this genotype remained the 
same over time but the shoot and root fresh and dry masses increased significantly. When the 
G20 clones were grown in 1S : 2V, significant increases in the number of leaves and, root fresh 
and dry masses were found over time while no significant differences over time were noted for 
the shoot fresh and dry masses. According to Harris (1992), a reduction in the root:shoot is an 
indication of favourable growing conditions. In the present study, this was only found in the 
root:shoot dry mass of the G15 (1.1 ± 0.1 at 4, 0.7 ± 0.1 at 6 and 0.6 ± 0.0 at 8 weeks ex vitro) 
and G20 (1.5 ± 0.0 at 4, 0.7 ± 0.1 at 6 and 0.9 ± 0.2 at 8 weeks ex vitro) clones when grown in 
soil. The root:shoot dry masses of the G15 and G20 clones in 1S : 2V and, G35 and G43 clones 
in both the tested substrates remained constant with advancing plant age (Table 24).  
 
The effects of genotype, substrate type and physiological age on the shoot and root growth of 
the cloned genotypes were not independent of each other. Rather, they interacted with each 
other to elicit synergistic effects on the growth of the clones of the different genotypes. The 
number of leaves and, shoot and root fresh and dry masses of the clones of the selected 
genotypes were influenced by the genotype x substrate type interaction. This indicates that 
there will be plasticity in the growth (in terms of the tested shoot and root parameters) of the 
clones of each genotype when kept in different types of substrates. The number of leaves and 
the fresh masses of the shoots and roots of the clones, were significantly affected by the 
interaction between each genotype and the tested physiological ages. The combined interaction 
of the genotype, substrate type and physiological age significantly affected only the shoot fresh 
and dry masses and root fresh masses of the clones. 
 
At all tested physiological ages (i.e. at 4, 6 and 8 weeks ex vitro) and in both the tested 
substrates (viz. soil and 1S : 2V), the levels of leaf Ca of the G20 and G43 clones did not change 
significantly (Table 25). This trend was similar to those of the root:shoot dry masses of the 
G20 clones in 1S : 2V and the G43 clones in both tested substrates (Table 24). In soil, the 
consistency in the Ca content of the G20 clones over time was independent of their root:shoot 
which decreased over time (1.5 ± 0.0 at 4, 0.7 ± 0.1 at 6 and 0.9 ± 0.2 at 8 weeks). The trend 
found for the Ca levels of the G20 and G43 clones was in contrast to the findings of Chweya 
(1997) and Bvenura and Afolayan (2014a). The former reported that leaf Ca levels increased 
with physiological age in S. nigrum from weeks 3 (245.3 mg 100 g-1 DM) to 11 (446.7 mg 100 
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g-1 DM). This trend was also found by the latter researchers when S. nigrum plants were grown 
for 9 weeks in a glasshouse and 12 weeks in the field. Chweya (1997) only reported on the 
results found for the nutrient content of S. nigrum leaves and did not supply information on the 
conditions that the plants were grown under, i.e. whether they were grown in the field, 
greenhouse or glasshouse and the substrate used to grow them nor did they give explanations 
as to why Ca content increased over time. However, Bvenura and Afolayan (2014a) attributed 
their findings to the immobile nature of Ca and its inability to translocate within a plant as it 
grows (Loneragen, 1968; Khader and Rama, 2003). It should be noted that the present study 
was carried out using micropropagated plants that were housed in a greenhouse as opposed to 
that of Bvenura and Afolayan (2014a), who grew S. nigrum seedling plants in the field and 
glasshouse, which may account for the differing results. Apart from the G20 and G43 clones 
having similar or higher levels of Ca to their parents (Table 25), the trend found for the Ca 
contents in the clones of these two genotypes in the current study suggests that their leaves can 
be consumed at any point between 4 and 8 weeks of growth for the benefit of high Ca. 
 
In terms of leaf Fe content, a significant decrease was recorded with increasing physiological 
age of the G15 clones in both the substrates and the clones of G35 in 1S : 2V. This trend must 
have resulted due to Fe being redistributed to newly forming plant parts (dilution effect) in 
preparation for flowering and fruit bearing (Khader and Rama, 1998, Makus and Lester, 2002). 
On the other hand, in soil, the Fe level of the G35 clones did not change significantly over time 
even though its root:shoot dry mass significantly decreased with advancing plant age (1.1 ± 0.1 
at 4, 0.7 ± 0.1 at 6 and 0.6 ± 0.0 at 8 weeks).  The trends found for the root:shoot dry masses 
of the G15 clones in 1S : 2V and the G35 clones in both the tested substrates (i.e. no significant 
changes in root:shoot over time) contrasted those found for their Fe levels over time. This 
suggests that, in both the tested substrates, the Fe concentrations of the G15 and G35 clones 
were independent of their root:shoot dry masses. With regards to the level of leaf Fe in S. 
nigrum, Chweya (1997) reported that it decreased from weeks 3 (54.4 mg 100 g-1 DM) to 7 
(46.4 mg 100 g-1 DM), before significantly increasing up to week 11 (161.7 mg 100 g-1 DM). 
The reported decrease in the level of Fe from weeks 3 to 7 was consistent with the findings of 
this study. Bvenura and Afolayan (2014b) determined the leaf Fe contents of S. nigrum seedling 
plants every week for 9 weeks (in the glasshouse) and 12 weeks (in the field). They found no 
significant changes in the leaf Fe content of the glasshouse grown plants (426-435 mg kg-1) 
over time. However, with regards to the field grown plants, they reported that Fe content 
decreased from 430 to 327 mg kg-1 (from weeks 3 to 8) prior to a significant increase (433 mg 
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kg-1 at 9 weeks). It is to be noted that the present study was carried out in a greenhouse, which 
may account for the different trend to those obtained by Bvenura and Afolayan (2014b). This 
can be a result of the different intensities of light, relative humidity and temperatures that the 
plants were exposed to when grown under field, greenhouse and/or glasshouse conditions. 
More work must be done to assess the trends (increase or decrease) of leaf Ca and Fe in 
different genotypes of S. nigrum after 8 weeks of ex vitro growth under different types of 
environmental conditions (mentioned in section 5.2) to determine the ideal growing period and 
conditions for the benefit of deriving high Ca and/or Fe.  
 
5.4 Minimal growth storage of selected Solanum nigrum genotypes 
Minimal growth storage, also known as ‘slow growth’, is a useful method that can be used to 
ensure that aseptic germplasm of genotypes of interest are readily available for 
micropropagation (Negash et al., 2001; Rao, 2004; Bekheet, 2007; Engelmann, 2011; Joshi 
and Jadhav, 2013). For such a protocol to be considered efficient, the germplasm (such as 
shoots and calli) recovered after storage must maintain its regeneration capacity when 
transferred to shoot multiplication medium (Engelmann and Engels, 2002; Rao, 2004; 
Engelmann, 2011; Pérez-Molphe-Balch et al., 2012; Cruz-Cruz et al., 2013; Joshi and Jadhav, 
2013).  Roca et al. (1983) investigated the effect of various factors on the minimal growth 
storage of Cassava germplasm and found that storing the plants for 8 to 9 months on medium 
containing activated charcoal and a low osmotic concentration was able to limit growth and 
still ensure a high viability of shoots after this period. Tyagi et al. (2009) who tested the effect 
of various components (i.e. MS strength and concentration of agar, PGRs and sucrose) in the 
growth medium on minimal growth storage of Elettaria cardamomum (a herbaceous perennial) 
shoots. They found that, regardless of MS strength and sucrose concentration, the shoots 
retrieved after 18 months of storage regenerated (in terms of shoot and root production) within 
4 weeks of being on shoot multiplication medium. 
 
As S. nigrum is a short-lived seasonal plant, a constant supply of explant material from the 
parent plants of the selected genotypes will not always obtainable for additional studies. Hence, 
minimal growth storage is a useful method to ensure their availability. According to Engelman 
(1991), Engelman and Engels (2002) and Engelman (2011), storing germplasm under such 
conditions will decrease the cost of their maintenance in vitro by increasing the period between 
sub-cultures. In the present study, minimal growth was investigated to ensure a continuous 
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supply of aseptic germplasm of the selected genotypes (i.e. G5, G6, G15, G20, G35, G43, G45 
and G50) for future studies in this research programme. As there are no published reports on 
the in vitro conservation of S. nigrum, the in vitro shoots of the selected genotypes from the 
shoot multiplication stage were cultured on ¼ Murashige and Skoog (MS) (1962) + 5 g l-1 
sucrose or ⅓ MS + 10 g l-1 sucrose, because reducing the concentrations of the MS basal salt 
and sucrose in the growth medium are considered simple ways of limiting growth (Engelman, 
1991; Rao, 2004; Ahmed and Anjum, 2010; da Silva and Scherwinski-Pereira, 2011; Pérez-
Molphe-Balch et al., 2012; Joshi and Jadhav, 2013). The shoots were stored on the two tested 
media for 8 weeks in a growth room (with a 16 h light (200 µmol m−2 s−1)/ 8 h dark photoperiod, 
at 25 and 23 °C, respectively) to ensure their survival after this period.  
 
The medium containing ¼ MS + 5 g l-1 sucrose was adequate to store the germplasm of the 
tested genotypes for 8 weeks because all shoots that were recovered were able to regenerate to 
form new plants. After the storage period, the retrieved shoots were successfully 
micropropagated. However, more work needs to be done to determine if the in vitro shoots of 
the different genotypes can be stored under the same conditions for longer than 8 weeks as this 
will be useful for future studies. Furthermore, as the main objectives of minimal growth storage 
using in vitro shoots and micropropagation via direct organogenesis are to produce true-to-type 
clones, any phenotypic variation in the clones must be investigated. This can be achieved by 
performing molecular analyses of the selected genotypes, the stored germplasm and the 
micropropagated plants using amplified fragment length polymorphism (AFLP) (Matasyoh et 
al., 2015), inter sample sequence repeats (ISSR) (Das and Borah, 2015) or random 
amplification of polymorphic DNA (RAPD) (Das and Borah, 2015) analyses.  
 
In the present study, storing the germplasm of the clones of the selected genotypes for 8 weeks 
using minimal growth storage eliminated the need for one sub-culture onto fresh shoot 
multiplication medium. Since many genotypes of S. nigrum were being investigated in this 
research programme, using minimal growth conditions to store their germplasm will decrease 






 5.5 Conclusions 
1. Established in vitro protocol 
 The established protocol involved decontamination of the leaves of 6-week old seedling 
plants of Solanum nigrum with 1 % (v/v) NaOCl with Tween 20® (10 min) followed by 
three 30 s rinses in sterile distilled water, then culturing on shoot multiplication medium 
containing 3 mg l-1 BAP for 4 weeks, elongation on medium containing 0.1 mg l-1 BAP 
for a week, rooting on hormone-free MS medium for 3 weeks. Acclimatisation should 
be performed in covered (with a polybag) pots containing 1 soil : 2 vermiculite (1S : 
2V) in a growth room for 2 weeks, followed by transfer into bigger pots containing soil 
or 1S : 2V in a greenhouse.  
 Using this protocol the post-acclimatisation yield obtained was 25 plants/explant. 
 
2. Genotypic effects on in vitro and ex vitro growth responses of the clones of the selected 
xxgenotypes 
 In the in vitro environment, there were differences amongst the clones of the selected 
genotypes with regards to percentage explants with shoots and number of 
shoots/explant. These differences affected the post-acclimatisation yield of the clones. 
Amongst the clones of the selected genotypes, this protocol gave a yield range of 11-
32 plants/explant. 
 When grown in 1S : 2V for 6 weeks in the ex vitro environment, there were some 
significant differences in the shoot and root dry masses and the root:shoot dry masses 
amongst the clones of the selected genotypes. The G20 clones had significantly the 
highest shoot and root dry masses than the other tested genotypes. Regarding the 
root:shoot dry mass, that of the G15 clones was significantly higher than those of the 
clones of G6, G43, G45 and G50. 
 In soil, there were no significant differences amongst the clones of the selected 
genotypes with regards to root dry masses and root:shoot dry masses. The G50 clones 






3. Genotypic differences in the leaf Ca and Fe levels of a seedling population and 
comparisons of the Ca and Fe contents of the 6 week-old selected genotypes with those of 
their 6 week-old clones when grown in soil 
 There was genotypic variation amongst a screened population of fifty 6-week old 
plants, regarding Ca (331.05-916.30 mg 100 g-1 dry mass [DM]) and Fe (0.64-14.95 
mg 100 g-1 DM). 
 When the selected parent genotypes (G5, G6, G15, G20, G35, G43 and G45) were 
compared to their clones, only G43 and G35 had similar Ca and Fe levels, respectively, 
to those of their parents. 
 Hence, micropropagation affected the Ca and Fe contents of six (G5, G20 and G45 for 
Ca and G6, G15 and G50 for Fe) of the eight tested genotypes. 
 
4. The effect of substrate type on the leaf Ca and Fe contents of the clones of the selected 
genotypes 
 At 6 weeks ex vitro, the Ca and Fe levels of the clones of five (i.e. G6, G15 G35, G43 
and G45) of the eight selected genotypes were not affected by substrate type.  
 Higher amounts of Ca were found in the clones of G5 and G20 when grown in 1S : 2V 
than in soil. Regarding Fe, the opposite was true for the G50 clones.   
 
5. The effect of physiological age (i.e. 4, 6 and 8 weeks ex vitro) on the leaf Ca and Fe 
contents of the clones of four (viz. G15, G20, G35 and G50) of the eight selected genotypes 
 In both the tested substrates, the Ca contents of the G20 and G43 clones remained 
constant with advancing age. This was true for the Fe concentration of the G35 clones 
grown in soil. The Fe levels of the G15 clones in both substrates and the G35 clones in 
1S : 2V decreased with increasing physiological age.  
 
6. Storing germplasm of the selected genotypes under minimal growth conditions 
 Using a medium containing ¼ MS + 5 g l-1 sucrose, in vitro shoots of the selected 
genotypes were stored under minimal growth conditions for 8 weeks and the recovered 
shoots were able to regenerate to form new plants. Hence, ¼ MS + 5 g l-1 sucrose was 




In conclusion, micropropagation affected the Ca and Fe levels of the clones of all eight selected 
genotypes. Physiological age had no significant affect on the Ca contents of the cloned selected 
genotypes but it did have an effect on their Fe levels. The interaction between genotype and 
physiological age affected both the Ca and Fe levels of the clones of the selected genotypes.  
The Ca and Fe concentrations of the clones of most of the selected genotypes were not 
significantly affected by substrate type. In addition, there was no significant interaction 
between the genotypes and the substrate, indicating that the cloned S. nigrum genotypes can be 
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